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Preface

Recognizing the opportunity to enhance the service it 
provides to the nation, the National Weather Service (NWS) 
commissioned the National Research Council (NRC) to form 
a committee to provide recommendations on how NWS can 
more effectively estimate and communicate uncertainty in 
weather and climate forecasts. This opportunity was high-
lighted in Recommendation 8 of the report Fair Weather: 
Effective Partnerships in Weather and Climate Forecasts 
(NRC, 2003a) and NWS desired more specific input in this 
area.

The committee was tasked with providing guidance on 
understanding and characterizing user needs for uncertainty 
information, suggesting improvements in current methods 
used to estimate and validate uncertainty products and rec-
ommending improvements in methods used to communicate 
uncertainty information. Since weather services in the United 
States are the result of an interdependent enterprise consist-
ing of public, private, and academic assets, NWS also asked 
the committee to make recommendations consistent with an 
“enterprise” viewpoint.

At the very beginning of the study, the committee real-
ized that an exhaustive look at the needs of users or user 
categories with regard to uncertainty information would be 
vastly beyond its time constraints and resources. Although 
several specific examples of user needs appear in the report 

(as requested in the charge), the overall thrust is to provide 
NWS with a template of how to effectively assess the unique 
needs of a very wide range of users. The psychology of 
decision-making processes is presented along with general 
paths that the enterprise can follow in providing useful input 
into decision-support systems. “Teaching how to fish versus 
catching a fish” is an appropriate analogy and is one that 
NWS used at the committee’s first meeting.

The committee met a total of five times between April 
2005 and February 2006 and received broad and diverse 
input from specialists on topics ranging from probabilistic 
data generation, to product development, to user decision 
processes. The committee would like to thank all of those 
who provided their time and insight. The contributors are 
listed in Appendix B of the report. 

Finally the committee thanks NWS personnel for all of the 
input they provided during the course of the study, including 
answers to our many questions and numerous and complete 
product summaries. In particular we thank Ed Johnson, Lee 
Anderson, and John Sokich for their prompt and complete 
responses. 

Raymond J. Ban, Chair
Committee on Estimating and Communicating 
Uncertainty in Weather and Climate Forecasts
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1

Summary

All prediction is inherently uncertain and effective com-
munication of uncertainty information1 in weather, seasonal 
climate, and hydrological forecasts benefits users’ decisions 
(e.g., AMS, 2002; NRC, 2003b). The chaotic character of 
the atmosphere, coupled with inevitable inadequacies in 
observations and computer models, results in forecasts that 
always contain uncertainties. These uncertainties gener-
ally increase with forecast lead time and vary with weather 
situation and location. Uncertainty is thus a fundamental 
characteristic of weather, seasonal climate, and hydrological 
prediction, and no forecast is complete without a description 
of its uncertainty.

Nonetheless, for decades, users of weather, seasonal 
climate, and hydrological (collectively called “hydro-
meteorological”) forecasts have been conditioned to receive 
incomplete information about the certainty or likelihood of 
a particular event. But this has not always been the case. As 
early as the 19th century, some predictions included qualita-
tive probabilistic2 expressions of uncertainty and were actu-
ally called “probabilities” rather than forecasts. By the 20th 
century, meteorology evolved into what was thought to be 
a more exact science and predictions became deterministic3 
with no expression of uncertainty. The advent of numeri-
cal weather prediction around 1950 and its early successes 
strengthened this deterministic viewpoint, as did improve-
ments in satellite observations and modeling methods in the 
1970s and 1980s. Users became comfortable with single-

1Uncertainty is an overarching term that refers to the condition whereby 
the state of a system cannot be known unambiguously. Probability is one 
way of expressing uncertainty.

2A probabilistic forecast conveys uncertainty in the prediction. The 
converse is a deterministic forecast, which provides only one prediction of 
the future state of a system, with no information regarding forecast uncer-
tainty. For example, the track forecast of a hurricane could be represented 
by a (deterministic) single line or by a cone that more appropriately (and 
probabilistically) conveys the likely range of forecast tracks. 

3See previous footnote for definition.

valued forecasts4 and applied their own experience in deter-
mining how much confidence to place in the forecast. The 
evolution of the media as the primary vehicle for conveying 
weather information in the United States compounded this 
trend. The inclusion of uncertainty information in a forecast 
was viewed by some as a weakness or disadvantage instead 
of supporting a more scientifically sound and useful product. 
Most forecast products from the weather and climate enter-
prise (the Enterprise5), including those from the National 
Oceanic and Atmospheric Administration’s (NOAA’s) 
National Weather Service (NWS), continue this  deterministic 
legacy. Decisions by users at all levels, but perhaps most 
critically those associated directly with protection of life and 
property, are being made without the benefit of knowing the 
uncertainties of the forecasts upon which they rely. 

Fortunately this situation can be improved. NWS and 
others in the Enterprise have recognized the need to view 
uncertainty as a fundamental part of forecasts. By partner-
ing with other segments of the Enterprise to understand user 
needs, generate relevant and rich informational products, 
and utilize effective communication vehicles, NWS can 
take a leading role in the transition to widespread, effective 
incorporation of uncertainty information into hydrometeo-
rological predictions. 

This study explores how to improve the generation, com-
munication, and potential use of uncertainty information for 
hydrometeorological forecasts and makes recommendations 
for improvements. The study was requested by NWS in 
response to ideas in Fair Weather: Effective Partnerships in 
Weather and Climate Services (NRC, 2003a). In particular, 

4E.g., “the high will be 70 degrees Farenheit 9 days from now.”
5“Enterprise” refers to all sectors and parties engaged in generating and 

communicating weather and climate forecasts. The Enterprise includes 
assets in public, private, and academic sectors, as well as user groups who 
add value to products such as segments of the media and risk management 
 industry. Because the scope of the committee’s task includes hydrologic 
prediction in addition to weather and seasonal climate prediction, the com-
mittee’s use of “Enterprise” implicitly includes hydrological activities. 

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


2 COMPLETING THE FORECAST

NWS asked the committee to (1) provide guidance on how 
to identify and characterize needs for uncertainty information 
among various users of forecasts; (2) identify limitations in 
current methods for estimating and validating forecast uncer-
tainty, relating these limitations to users’ needs, and recom-
mending improvements or new methods and approaches; and 
(3) identify sources of misunderstanding and recommend 
improvements in the methods used to communicate forecast 
uncertainty.

Recognizing the breadth and depth of this task, NWS 
advised the committee at its opening meeting to “teach us 
how to fish as opposed to giving us a fish.” The committee 
approached the task accordingly. Relative to the first com-
ponent of the task, the report reviews how decision makers 
interpret and use uncertainty information with the aim of 
helping NWS and others in the Enterprise understand key 
relevant concepts in decision making under uncertainty. 
Building from these concepts, the committee recommends 
a process by which NWS can develop an effective system 
of user–provider interactions that will lead to more effective 
products. Relative to the second component of the task, the 
committee takes the view that generating comprehensive 
uncertainty information to support all forecasts is central 
to the mission of NWS and will benefit all users. Such 
information must be made easily accessible and include all 
raw and post-processed products as well as verification and 
measurement information.6 The committee addresses the 
third component of the task by exploring the roles of graphics 
and language, dissemination technologies, and the media in 
communication of uncertainty information. In addition, the 
committee proposes refinements to NWS’s product develop-
ment processes and highlights the need for education and 
research to support Enterprise-wide progress on communica-
tion of uncertainty information. 

NWS asked the committee to recognize the diverse 
roles of participants in the Enterprise and the varied needs 
of forecast users. In addition, NWS requested that the 
committee’s recommendations focus primarily on the NWS 
mission, but may also address other components of NOAA 
or seek to guide other relevant government agencies and 
nongovernmental entities. In cases where a recommendation 
states that “NWS should . . .” it is the committee’s intention 
that the recommendation also applies to any relevant group 
or activity within NOAA, such as the Office of Oceanic 
and Atmospheric Research (OAR).  The committee met 
five times between April 2005 and February 2006. One of 
its meetings was held in parallel with the annual American 
Meteorological Society Numerical Weather Forecasting and 
Broadcast Meteorology Conference, and another was held 
at the National Center for Atmospheric Research. NWS 
provided significant informational input to the process, 

6Forecast verification is the means by which the quality of forecasts 
is assessed. Forecast post-processing converts model output into human-
 comprehensible information and corrects for model biases.

both at meetings and in responses to questions posed by the 
committee.

OVERARCHING FINDINGS AND RECOMMENDATIONS

Moving toward effective estimation and communication 
of uncertainty information has broad and deep implications 
for the Enterprise and the community it serves. Because of 
the immense breadth and depth of this challenge, detailed 
solutions are beyond the reach of a single committee. Conse-
quently, this report provides general ideas for consideration 
by NWS and the entire Enterprise. 

The committee presents nine overarching recommenda-
tions all with equal priority. In addition, detailed recom-
mendations appear in Chapters 2, 3, and 4 that add further 
specificity and breadth. All recommendations should be 
considered in the context of NOAA’s Policy on Partnerships 
in the Provision of Environmental Information.7

Enterprise-wide Involvement

Finding 1:8 Hydrometeorological services in the United 
States are an Enterprise effort. Therefore, effective incorpo-
ration of uncertainty information will require a fundamental 
and coordinated shift by all sectors of the Enterprise. Fur-
thermore, it will take time and perseverance to successfully 
make this shift. As the nation’s public weather service, NWS 
has the responsibility to take a leading role in the transition to 
widespread, effective incorporation of uncertainty informa-
tion into hydrometeorological prediction. 

Recommendation 1: The entire Enterprise should take 
responsibility for providing products that effectively 
communicate forecast uncertainty information. NWS 
should take a leadership role in this effort.

Product Development Incorporating Broad Expertise and 
Knowledge from the Outset

Finding 2:9 Understanding user needs and effectively com-
municating the value of uncertainty information for address-
ing those needs are perhaps the largest and most important 
tasks for the Enterprise. Yet, forecast information is often 
provided without full understanding of user needs or how to 
develop products that best support user decisions. Parts of 
the Enterprise (e.g., within the private sector and academia) 
have developed a sophisticated understanding of user needs. 
In addition, there is a wealth of relevant knowledge in the 
social and behavioral sciences that could be more effectively 
incorporated into product research and development. Cur-
rently, this variety of resources is not being fully tapped by 

7See http://www.nws.noaa.gov/partnershippolicy/ and also Box 1.2.
8See Section 1.5 for further discussion on this topic.
9See Sections 2.4, 4.2.6, and 4.2.7.
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SUMMARY 3

NOAA,10 and user perspectives are not incorporated from 
the outset of the product development process.

Recommendation 2: NOAA should improve its product 
development process by collaborating with users and 
partners in the Enterprise from the outset and engaging 
and using social and behavioral science expertise. 

Education on Uncertainty and Risk Communication

Finding 3:11 Enhanced Enterprise-wide educational initia-
tives will underpin efforts to improve communication and use 
of uncertainty information. There are three critical areas of 
focus: (1) undergraduate and graduate education, (2) recurrent 
forecaster training, and (3) user outreach and education. 

Recommendation 3: All sectors and professional organi-
zations of the Enterprise should cooperate in educational 
initiatives that will improve communication and use of 
uncertainty information. In particular, (1) hydrometeo-
rological curricula should include understanding and 
communication of risk and uncertainty; (2) ongoing 
training of forecasters should expose them to the latest 
tools in these areas; and (3) forecast providers should 
help users, especially members of the public, understand 
the value of uncertainty information and work with users 
to help them effectively incorporate this information into 
their decisions.

Ensembles

Finding 4:12 The ability of NOAA to distribute and commu-
nicate uncertainty information is predicated on the capacity 
to produce post-processed probabilistic model guidance 
on a variety of spatial scales. Currently, NOAA maintains 
long-range (global) and short-range ensemble13 prediction 
systems. However, the short-range system undergoes no 
post-processing and uses an ensemble generation method 
(breeding) that may not be appropriate for short-range pre-
diction. In addition, the short-range model has insufficient 
resolution to generate useful uncertainty information at the 
regional level. For forecasts at all scales, comprehensive 
post-processing is needed to produce reliable (or calibrated) 
uncertainty information.

10Recognizing that private-sector entities gain a competitive advantage 
through knowledge of user needs, there is, nonetheless, some opportunity 
for information sharing that could significantly improve the effectiveness 
and efficiency of product development. 

11See Section 4.2.8.
12See Chapter 3. Production of objective uncertainty information is 

covered in Sections 3.1 through 3.3. 
13An ensemble is a collection of forecasts, each starting from a different 

initial state. The variations in the resulting forecasts can be used to estimate 
the uncertainty of the prediction.

Recommendation 4: NOAA should develop and maintain 
the ability to produce objective uncertainty information 
from the global to the regional scale.

Ensuring Widespread Availability of Uncertainty 
Information

Finding 5:14 NWS, through the National Centers for Envi-
ronmental Prediction (NCEP), produces a large amount of 
model output from its deterministic and ensemble numeri-
cal weather prediction models. The ensemble forecasts and 
output from statistical post-processing (i.e., Model Output 
Statistics) already produce a wide variety of uncertainty 
information. However, both the model output and statistical 
information regarding its skill15 are difficult to access from 
outside NCEP. Thus, NWS is missing an opportunity to pro-
vide the underlying datasets that can drive improved uncer-
tainty estimation and communication across the Enterprise.

Recommendation 5: To ensure widespread use of uncer-
tainty information, NWS should make all raw and 
post-processed probabilistic products easily accessible 
to the Enterprise at full spatial and temporal resolu-
tion. Sufficient computer and communications resources 
should be acquired to ensure effective access by external 
users and NWS personnel.

Broad Access to Comprehensive Verification Information

Finding 6:16 To make effective use of uncertainty products, 
users need complete forecast verification information that 
measures all relevant aspects of forecast performance. In 
addition, comprehensive verification information is needed 
to improve forecasting systems. Such information includes 
previous numerical forecasts, observations, post-processed 
uncertainty information, and detailed verification statistics 
(for raw and post-processed probabilistic forecasts).

Recommendation 6: NWS should expand verification of 
its uncertainty products and make this information easily 
available to all users in near real time. A variety of veri-
fication measures and approaches (measuring multiple 
aspects of forecast quality that are relevant for users) 
should be used to appropriately represent the complexity 
and dimensionality of the verification problem. Verifica-
tion statistics should be computed for meaningful subsets 
of the forecasts (e.g., by season, region) and should be 
presented in formats that are understandable by forecast 
users. Archival verification information on probabilistic 
forecasts, including model-generated and objectively 

14See Sections 3.1.4, 3.1.5, and 3.3.1.
15Skill measures how well a forecast performs relative to a naïve standard 

of comparison, such as climatology or persistence. 
16See Section 3.5.
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4 COMPLETING THE FORECAST

generated forecasts and verifying observations, should 
be accessible so users can produce their own evaluation 
of the forecasts. 

Effective Use of Testbeds17

Finding 7:18 Testbeds are emerging as a useful mechanism 
for developing and testing new approaches and methodolo-
gies in estimating, communicating, and using uncertainty 
information.19 The effectiveness of testbeds is limited when 
all appropriate sectors of the Enterprise are not included. 

Recommendation 7: To enhance development of new 
methods in estimation, communication, and use of fore-
cast uncertainty information throughout the Enterprise, 
and to foster and maintain collaboration, confidence, 
and goodwill with Enterprise partners, NOAA should 
more effectively use testbeds by involving all sectors of 
the Enterprise.

Enterprise Advisory Committee

Finding 8:20 Only through comprehensive interaction with 
the Enterprise will NWS be able to move toward effective 
and widespread estimation and communication of uncer-
tainty information. One mechanism for engaging the entire 

17Testbeds are multipartner collaborations that create prototypical envi-
ronments where innovative approaches can be tested before being applied 
more generally. They allow the community to evaluate new modes of co-
operative research, development, training, and operations. 

18See Sections 3.1.1, 3.1.6, 3.2.4, and 3.3.2.
19 For example, Joint Hurricane Testbed (http://www.nhc.noaa.gov/jht/), 

WRF Developmental Testbed Center (http://www.dtcenter.org/index.php), 
NOAA Climate Testbed (http://www.cpc.ncep.noaa.gov/products/ctb/), 
NOAA Hydrometeorology Testbed Program (http://hmt.noaa.gov/).

20See Section 4.2.6, overarching recommendation 2, and Chapter 5.

Enterprise on this and related topics is an independent NWS 
advisory committee with broad representation. Such a com-
mittee is under consideration by NOAA in response to a 
recommendation in the Fair Weather report (NRC, 2003a). 

Recommendation 8: The committee endorses the rec-
ommendation by the National Research Council Fair 
Weather report to establish an independent advisory 
committee and encourages NOAA to bring its evalu-
ation of the recommendation to a speedy and positive 
conclusion. 

Uncertainty Champion

Finding 9:21 Incorporating uncertainty in forecasts will 
require not only the attention but also the advocacy of NWS 
management. Given the scope of this challenge, the level of 
effort involved will demand a “champion” within the NWS 
leadership—an individual who can effectively organize 
and motivate NWS resources and engage the resources and 
expertise of the entire Enterprise. 

Recommendation 9: NWS should dedicate executive 
attention to coordinating the estimation and communi-
cation of uncertainty information within NWS and with 
Enterprise partners. 

21See Section 1.5 and Chapter 5.
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Introduction

All prediction, including weather, hydrologic, and cli-
mate forecasting, is uncertain. Although information about 
this uncertainty1 is potentially of great value to society, 
many users neither have access to it nor apply it. Such short-
comings will decrease as methods for estimating uncertainty 
are improved, as knowledge of the best approaches for 
communicating uncertainty is enhanced, as the user and 
forecasting community becomes better informed regarding 
the advantages of uncertainty information, and as means for 
disseminating uncertainty information are refined.

 This study summarizes the current situation regarding the 
generation, communication, and use of uncertainty informa-
tion in weather, seasonal climate, and hydrological forecasts 
(collectively, hydrometeorological2 forecasts) and makes 
recommendations for improvements. Specifically, the charge 
to the committee from the National Weather Service (NWS), 
which is part of the National Oceanic and Atmospheric 
Administration (NOAA), is to

1. Provide guidance on how to identify and characterize, 
and examples of, needs for uncertainty information among 
various users of forecasts, including the public, emergency 
managers and other government decision makers, and 
 private-sector entities, both direct users and intermediaries.

2. Identify limitations in current methods for estimating 
and validating forecast uncertainty, relating these limitations 

1Uncertainty is an overarching term that refers to the condition whereby 
the state of a system cannot be known unambiguously. Probability is one 
way of expressing uncertainty. A probabilistic forecast conveys uncertainty 
in the prediction. The converse is a deterministic forecast, which provides 
only one prediction of the future state of a system, with no information 
 regarding forecast uncertainty. For example, the track forecast of a hurricane 
could be represented by a (deterministic) single line or by a cone that more 
appropriately (and probabilistically) conveys the likely range of forecast 
tracks. 

2For the purposes of this report, “hydrometeorology” will refer to the 
combined fields of meteorology and hydrology from the short time scales 
of weather prediction to inter-seasonal climate forecasting.

to users’ needs and recommending improvements or new 
methods and approaches (with the goal of finding ways to 
better couple methods of estimating uncertainty to users’ 
needs). 

3. Identify sources of misunderstanding in communicat-
ing forecast uncertainty, including vulnerabilities dependent 
on the means of communication used, and to recommend 
improvements in the ways used to communicate forecast 
uncertainty.

With respect to the general approach of this study, NWS 
asked the committee to recognize the diverse roles of partici-
pants in the weather and climate enterprise (Enterprise)3 and 
the diverse needs of forecast users. The Enterprise encom-
passes all sectors and parties engaged in generating and 
communicating hydrometeorological forecasts. It includes 
the public, private, and academic sectors, as well as user 
groups, such as segments of the media and risk management 
industry, who add value to products.4 

The report addresses the first task in Chapter 2, the second 
task in Chapter 3, and the third task in Chapter 4. Each of 
these chapters includes detailed recommendations. In addi-
tion, a set of overarching recommendations is presented 
in Chapter 5. NWS requested that the committee’s recom-
mendations focus primarily on the NWS mission, but it was 
agreed that this study could also address other components 
of NOAA or guide other relevant government agencies and 
 sectors within the Enterprise. In cases where a recommen-
dation states that “NWS should . . .” it is the committee’s 

3The Weather Enterprise is described in Fair Weather: Effective Partner-
ships in Weather and Climate Services (NRC, 2003a). Because the scope of 
the committee’s task includes hydrologic prediction in addition to weather 
and seasonal climate prediction, the committee’s use of “Enterprise” 
 implicitly includes hydrological activities in addition to weather and cli-
mate activities. 

4The concept of the Enterprise is now sufficiently widely accepted that the 
American Meteorological Society has formed a Commission on the Weather 
and Climate Enterprise to facilitate dialog among Enterprise participants.
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6 COMPLETING THE FORECAST

intention that the recommendation also applies to any rel-
evant group or activity within NOAA, such as the Office of 
Oceanic and Atmospheric Research (OAR).  Recognizing 
the breadth and depth of the task presented to the committee, 
NWS urged the committee to think in terms of “teaching us 
how to fish as opposed to giving us a fish.” The committee 
approached the task accordingly, and explains its approach 
to each task at the beginning of each chapter. The remainder 
of this first chapter summarizes the issues that are central to 
the committee’s charge, most of which are examined in more 
detail in subsequent chapters.

1.1 THE UNCERTAIN ATMOSPHERE  
AND HYDROSPHERE

Uncertainty in hydrometeorological predictions, often 
described in terms of probability (Box 1.1), varies by 
weather/climate situation, location, and length of forecast. 
As demonstrated in the seminal work of Lorenz (1963, 
1965, 1968, 1969), the origins of this uncertainty include 
(1) lack of an accurate, complete description of the initial 
three-dimensional state of the atmosphere; (2) incomplete 
and inaccurate descriptions of physical processes and other 
inadequacies in the modeling systems; and (3) the chaotic 
character of the atmosphere, in which small uncertainties in 
the starting point of a forecast or in the forecasting system 
can result in large differences as the prediction unfolds. In 
addition to the inherent sources of uncertainty in the atmo-
sphere, there are also uncertainties in Earth surface charac-
teristics and fluxes that contribute to the overall uncertainty 
in hydrometeorological prediction (e.g., Beven, 1989). 

Numerical prediction is the basis for most hydro-
meteorological forecasts beyond several hours. All numerical 
weather forecasts begin with a three-dimensional description 
of the atmosphere, known as an initialization. Such initial-
izations have improved during the past several decades as 
more observing systems have become available and as data 
assimilation systems, which combine observations with 
previous forecasts to provide a coherent, three-dimensional 
description of the atmosphere, have improved. Neverthe-
less, all observations have errors, data assimilation systems 
have inadequacies, and even the improved observational 
networks have substantial gaps on all scales. The result is 
that the three-dimensional descriptions of the atmosphere, 
even from large centers such as NWS’s National Centers for 
Environmental Prediction (NCEP), are inevitably imperfect. 
Such imperfect initializations lead to errors and therefore 
uncertainty in the forecasts that increases with forecast 
 projection forward in time.

Computer forecast models also possess other sources of 
error that result in degraded prediction. Some errors result 
from inadequacies in the model descriptions of the physics of 
the atmosphere, such as radiation, cloud physics, and surface 
drag. Other errors result from lack of sufficient horizontal 
and vertical resolution, the scales at which the numerical 

simulation can accurately forecast the evolving atmosphere 
and hydrosphere. Because computer resources are finite, 
there are always small scales that are not properly described. 
Additional errors accrue due to approximations in numerics, 
how the forecast models are integrated into the future. Still 
other errors arise because of fundamental uncertainties in 
boundary fluxes, especially surface fluxes such as latent and 
sensible heat fluxes, and surface properties. The results of 
model inadequacies are often apparent early in forecasts and 
generally increase in time, resulting in increasing uncertainty 
as the forecasts progress.

In summary, the chaotic character of the atmosphere, 
coupled with inevitable inadequacies in observation quality 
and data assimilation, model physics and numerics, bound-
ary conditions, and model resolution, result in forecasts that 
always contain uncertainties that generally increase with 
forecast lead time and vary by the type of weather situation 
and location. Uncertainty is thus a fundamental character-
istic of hydrometeorological prediction, and no forecast is 
complete without a description of its uncertainty. 

1.2 THE EVOLUTION OF HYDROMETEOROLOGICAL 
UNCERTAINTY PREDICTION

Early forecasters, faced with large gaps in their nascent 
science, understood the uncertain nature of the hydro-
meteorological prediction process and were comfortable 
with expressing uncertainties in their forecasts. Cleveland 
Abbe (Figure 1.2), who organized the first American forecast 
group as part of the U.S. Army Signal Corps, did not use the 
term “forecast” for his first prediction in 1871, but rather 
employed the term “probabilities,” resulting in him being 
known as “Old Probabilities” or “Old Probs” (Box 1.2). A 
few years later, the term ‘‘indications’’ was substituted for 
probabilities and by 1889 the term ‘‘forecasts’’ received 
official sanction (Murphy, 1977).

As meteorology evolved during the late 19th and early 
20th centuries into a more exact science based on explicit 
physical laws, the weather forecasting community increas-
ingly presented deterministic5 predictions, with the uncer-
tainties eventually succumbing to improving knowledge, 
technology, and observations (Murphy, 1977). The advent 
of numerical weather prediction around 1950 and its early 
successes strengthened this deterministic viewpoint. Fore-
cast skill6 rapidly improved in the 1950s and 1960s as faster 
computers allowed higher spatial resolution and increasing 
sophistication in the numerical prediction models. But also 
during this period, the research of Lorenz (1963, 1965, 1968) 
and others demonstrated that forecast skill was inherently 
limited in a chaotic atmosphere in which small initialization 

5A deterministic forecast provides only one prediction of the future state 
of a system, with no information regarding forecast uncertainty.

6Forecast skill is a statistical measure of the relative accuracy of forecasts 
compared to an alternative forecast such as climatology or persistence.
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BOX 1.1
Interpretation of Probability

 This report has many references to the notion of probability. While often treated as a synonym for uncertainty, it is better described as one of 
many ways in which uncertainty can be expressed. The meaning of probability is an active area of debate. In spite of differences in its interpretation, 
probability thrives as a useful measure of uncertainty because the same calculus of probability—the ways in which probability distributions can be 
manipulated—applies to all of the definitions.
 De Elia and Laprise (2005a,b) describe different interpretations of probability and their implications in the context of hydrometeorological forecasting. 
These are the frequentist, subjective, and propensity interpretations of probability.
 In the frequentist interpretation, probability is defined as the limit, as the number of trials becomes arbitrarily large, of the number of times an event 
occurs divided by the number of opportunities for the event to occur. In frequentist theory, probability theory is legitimately applied only to phenomena 
for which such limiting frequencies are expected to exist. Frequentists use observed empirical frequencies from finite sequences to estimate the inher-
ently unknowable limiting frequency. Such estimates are expected to become more accurate with larger numbers of trials. For example, consider the 
gambler who only trusts that a die is honest after counting the number of times the number two is rolled and dividing by the total number of rolls of 
the die. Another example is given by observational climatologies: the probability of exceeding a certain temperature threshold on a certain day can be 
obtained by counting the number of times that threshold was exceeded over the observational record for that day and dividing by the number of years 
of the observational record. In both cases, the probability calculated from past events is projected into the future and assumed to be valid. 
 A strength of the frequentist approach is that it is unambiguous; two people analyzing the same dataset would produce the same estimates of 
probability values, but critics would claim that probabilities estimated in this way confuse the definition of probability with the measurement of prob-
ability. Another shortcoming of the frequentist approach is that it is not well suited for short records or extreme events (unless there is a large enough 
observational record). The notion of conditional probabilities (e.g., probability of temperatures in excess of 90°F in the second week of May in El Niño 
years) effectively reduces the observational record, and indicates that there are many “types” of 90-degree days, each of which might have different 
probabilities. This is often called the reference class problem.
 The subjective interpretation of probability is an expression of the degree of belief that an event is going to occur. While useful for expressing 
uncertainty, the production of subjective estimates of probability is difficult, or impossible, to quantify. If a forecaster issues a subjective probability 
of a 30 percent chance of rain, how was 30 percent chosen over 25 or 35 percent? Subjective probability has been found to be a useful means of 
expressing uncertainty in a wide variety of applications, so regardless of issues associated with the production of subjective probabilities there are 
well-established methodologies for their assessment. A particular benefit of the subjective interpretation of probability is its ability to assign probability 
values to extreme events.
 An advocate of the propensity interpretation of probability would argue that the true probability density function (PDF; Figure 1.1) is available 
for any event, and forecasters and ensemble forecasting systems are striving to produce estimates of that PDF. In the context of hydrometeorological 
prediction, the argument would be that physical laws place constraints on the states that the weather, climate, and hydrosphere can realize, and a 

FIGURE 1.1 Example of a PDF (curve) that describes how the 
 probability of some event varies as a function of some variable. In this 
case, the x-axis represents temperature at a location, and the y-axis 
the associated probability density. The probability of a particular 
range of temperatures is obtained by computing the area under the 
curve (the integral) for that range of temperatures. For example, the 
filled area indicates the probability of a temperature exceeding 76°F. 
SOURCE: Committee on Estimating and Communicating Uncertainty 
in Weather and Climate Forecasts.

1-1

"fixed image", not easily alterred

continued
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8 COMPLETING THE FORECAST

BOX 1-1 Continued

complete knowledge of those laws would ultimately enable correct 
probability forecasts. This is analogous to the concept of attractors 
in nonlinear dynamical systems theory where the attracting set 
reflects an underlying PDF that describes the probability of finding 
the system state in a particular region of state space. A practical 
argument against the propensity interpretation in hydrometeoro-
logical forecasting is that the “true” probability is conditioned on 
the exact initial state of the atmosphere, ocean, land surface, sun, 
and all associated physical processes. It is effectively a function 
of the state of the universe and is therefore unknowable. A related 
argument would be that, in the same way that initial condition 
uncertainty renders the future deterministic state of the system 
unknowable, an imperfect knowledge or representation of the 
model that governs the hydrometeorological system renders the 
future PDF of the system unknowable, even if the initial PDF is 
correct.
 Effectively estimating and communicating uncertainty in 
hydrometeorological forecasts is not dependent on which of these 
interpretations of probability is used, and it is likely that all three 
can be applied to provide users with valuable information. For 
example, ensemble forecasting can be motivated by propensity 
ideas where scientists strive to make improvements to models and 
forecasting system components that drive objectively produced, 
ensemble-based forecast PDFs closer and closer to “true” PDFs. 
A measure of the quality of the ensemble forecasts is given by 
their comparison to frequentist climatological PDFs, and human 
forecasters use these objective PDFs as guidance for their own 
subjective estimates of probability. Users can also utilize the dif-
ferent forms as well as combinations of uncertainty information 
to aid in their own decision making. 

FIGURE 1.2 Professor Cleveland Abbe, who issued the first 
 official “Weather Synopsis and Probabilities” on February 19, 
1871. SOURCE: NOAA Photo Library, http://www.photolib.noaa.
gov/people/images/big/pers0074.jpg.

or model errors would inevitably grow large. To deal with 
forecast uncertainty, Epstein (1969) suggested stochastic-
dynamic forecasting, in which forecast errors are explicitly 
considered during model integration, but computer process-
ing power was not sufficient to support this method at that 
time. Another approach, ensemble prediction, was proposed 
by Leith (1974), who suggested that prediction centers run a 
collection (ensemble) of forecasts, each starting from a dif-
ferent initial state. The variations in the resulting forecasts 
could be used to estimate the uncertainty of the prediction 
or produce probabilistic guidance. But even the ensemble 
approach was not tractable at that time due to limited com-
puter resources. The 1970s and 1980s brought rapid improve-

ment in deterministic forecasts due to satellite observations, 
better numerical models, and rapidly increasing model reso-
lution, further enhancing the dominance of a single-solution, 
deterministic approach to forecasting.

The first operational probabilistic forecasts in the United 
States were produced in 1965. These forecasts, for the prob-
ability of precipitation (PoP), were produced by human 
weather forecasters and thus were subjective predictions. 
The first objective probabilistic forecasts were produced as 
part of the Model Output Statistics (MOS) system that began 
in 1969. MOS made use of the historical performance of 
deterministic predictions to provide probabilistic predictions 
for parameters such as precipitation, precipitation type, and 
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BOX 1.2
Early History of Forecast Uncertainty

 Cleveland Abbe (“Old Probabilities”), who led the establishment of a weather forecasting division within the U.S. Army Signal Corps, produced the 
first known communication of a weather probability to users and the public. On May 7, 1869, Abbe proposed to the Cincinnati Chamber of Commerce 
that they “inaugurate such a system, by publishing in the daily papers, a weather bulletin, which shall give the probable state of the weather and river 
for Cincinnati and vicinity one or two days in advance.”
 Cleveland Abbe released the first public weather forecast on September 1, 1869. With a sense of history, he wrote to his father: “I have started that 
which the country will not willingly let die.” Following the signing by President Ulysses S. Grant of an authorization to establish a system of weather 
observations and warnings of approaching storms, on February 19, 1871, Abbe issued the first “official” public Weather Synopsis and Probabilities. 
An early example reports 

“Synopsis for past twenty-four hours; the barometric pressure had diminished in the southern and Gulf states this morning; it has remained nearly stationary 
on the Lakes. A decided diminution has appeared unannounced in Missouri accompanied with a rapid rise in the thermometer which is felt as far east as 
Cincinnati; the barometer in Missouri is about four-tenths of an inch lower than on Erie and on the Gulf. Fresh north and west winds are prevailing in the 
north; southerly winds in the south. Probabilities [emphasis added]; it is probable that the low pressure in Missouri will make itself felt decidedly tomorrow 
with northerly winds and clouds on the Lakes, and brisk southerly winds on the Gulf.” 

 W. E. Cooke, a government meteorologist in Australia in the early part of the 20th century, was one of the first forecasters to advocate a numerical 
form for uncertainty information in weather forecasts. Cooke developed a numerical scale for presenting forecaster confidence that would “indicate, 
approximately, the weight or degree of probability which the forecaster himself attaches to that particular prediction” (Cooke, 1906). C. Hallenbeck 
of the U.S. Weather Bureau was the first to suggest the possibility of probabilistic forecasts of precipitation using a true numeric probability scale 
(Hallenbeck, 1920). Others in this period also experimented with objective methods for producing probability forecasts, such as through the use of 
scatterplots showing relationships between previous forecasts and observations (an earlier form of forecast verification).
 A. Ångström, who focused most of his career on studies of atmospheric radiation, also considered uncertainty in weather forecasting in papers 
published in 1919 and 1922. In particular Ångström identified sources of uncertainty in weather forecasts (e.g., incomplete observations) and advo-
cated the combination of statistical methods and physics in producing forecasts. Angstrom was apparently the first to suggest the economic value of 
probabilistic forecasting, long before others made this connection (Liljas and Murphy, 1994). In 1944, G. Brier summarized the rationale for providing 
forecast uncertainty information to decision makers rather than implicitly making decisions for them by providing deterministic forecasts. This rationale 
was expounded by other researchers (e.g., Thompson, 1962) and proven analytically by Murphy (1977).

thunderstorms. MOS predictions for most parameters (e.g., 
wind and temperature) have only provided single-value 
deterministic forecasts, even though the method is capable 
of providing uncertainty information. 

By the early 1990s, ensemble forecasting became a 
practical approach to objective estimation of weather fore-
cast uncertainty. Faster computers allowed the initiation of 
global ensemble prediction at major operational prediction 
centers such as NCEP, the European Centre for Medium-
Range Weather Forecasts, and the Canadian Meteorological 
Centre. During the past decade the size and sophistication 
of the global ensemble systems have grown considerably, 
with medium-range, global ensemble prediction becoming 
an integral tool for many forecasters. Also during this period, 
NCEP constructed a higher resolution, short-range ensemble 
forecast system. High-resolution ensemble systems have also 
been tested at several universities and government laborato-
ries (Grimit and Mass, 2002; Colle et al., 2003a,b). 

NWS began issuing seasonal (30- and 90-day) tempera-
ture and precipitation forecasts each month in the late 1950s. 
These forecasts were developed using historical analogs. 
They identified areas with a greater chance of experiencing 
above- and below-average conditions. In the mid-1990s, 
NWS’s Climate Prediction Center (CPC) began issuing 
overlapping temperature and precipitation “outlooks” for 
each month up to a year ahead. Several different methods 
(e.g., dynamical models, analogs, cannonical correlations 
with El Niño/Southern Oscillation) are used to determine the 
probability of experiencing above-, below-, and near-average 
conditions. CPC continues to adjust the outlook product and 
has developed additional products thought to be useful to 
weather-sensitive decision makers.

The generation of uncertainty measures for hydrologic 
forecasts has also long been recognized as an important 
component in weather-sensitive decision making (in par-
ticular, for those associated with water resources). An 
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10 COMPLETING THE FORECAST

ensemble-based technique was developed and operational-
ized during the late 1970s and early 1980s. This technique 
produced an ensemble of likely future flows on the basis of 
historical records of precipitation and temperature and cur-
rent estimates of soil moisture and snow pack (Day, 1985). 
This approach only accounted for uncertainty in the meteo-
rological input to hydrological models. Since the mid-1970s, 
hydrologists have used formal estimation theory to account 
for input, model, and observation errors to produce short-
term flow forecast means and variances, and at the same time 
to assimilate observations of streamflow by the operational 
models for short-term forecasts (Kitanidis and Bras, 1980).

1.3 COMMUNICATION OF UNCERTAINTY 
INFORMATION

Hydrometeorological prediction is inherently uncertain 
and information about such uncertainty should be helpful 
to users in their decisions. Although some products contain 
uncertainty information (e.g., in those produced by the 
private sector for specialized users, and by the NWS in its 
Area Forecast Discussion and Probability of Precipitation 
predictions), relatively little headway has been made in 
supplying actionable uncertainty information to most of the 
user community. 

FIGURE 1.3 An example (for Seattle, Washington) of a forecast produced by the IFPS, NWS’s digital forecasting system, which provides 
deterministic predictions for temperature and other variables out seven days. SOURCE: NWS Seattle Forecast Office Web site.

1-3

replacementAs an example, the NWS meteorological preparation and 
communication system (the Interactive Forecast Preparation 
System, or IFPS) is inherently deterministic. Forecasters 
prepare graphical descriptions of the state of the atmosphere 
out as far as seven days into the future, with no uncertainty 
information or probabilities except for precipitation. The 
output from the IFPS system (known as the National Digital 
Forecast Database) is used to provide site-specific forecasts 
out seven days in graphical and text formats that are single-
valued for nearly all parameters (see Figure 1.3). 

NWS is not alone in providing such single-valued fore-
casts, both in the short and extended (3- to 10-day) ranges. 
Many private-sector firms follow a similar deterministic 
approach, and their forecasts are provided to the public 
through new and traditional media outlets. For example, local 
television news broadcasts, in which the weather is often the 
lead story, compete to provide single-valued projections as 
far out as two weeks (Figure 1.4) even though uncertainties 
typically increase with time and are large beyond a few 
days. Such single-valued forecasts are a mainstay of the inter-
national media and many users have adjusted their decision 
processes to accommodate these simplified predictions. Even 
though such deterministic forecasts are without scientific 
basis and suggest a level of forecasting skill that does not 
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uncertain regarding the interpretation of precipitation prob-
abilities (see Section 2.2.2.1). Does a 50 percent probability 
mean half the area will get wet, or it will rain for half of the 
day, or there is a 50 percent chance it will rain at any single 
location within the forecast area during some period (the 
correct choice)? 

One of the few attempts at communicating uncertainty 
for an important parameter other than precipitation has 
been the recent introduction of the “cone of uncertainty” 
diagram used for hurricane track prediction, with the width 
of the path representing the uncertainty in the track forecast 
 (Figure 1.6). However, the existence of a central line in some 
of these forecast products, indicating the most probable path, 
may detract from the effectiveness of the graphic, because 
many users think that the forecast has failed whenever the 
observed track deviates from the central line. Such a situa-
tion occurred in 2004 when Hurricane Charley, for which 
the central line crossed the coast near Tampa, Florida, made 
landfall to the south at Punta Gorda, Florida, which was 
approximately 40 miles east of the centerline track. Both 
locations were within the forecast track and were under a hur-
ricane warning. Underlying these and other communication 
problems is that the Enterprise has conducted little formal 
research on how to effectively communicate uncertainty 
information to its users.

1.4 REASONS FOR SUPPLYING UNCERTAINTY 
INFORMATION 

The American Meteorological Society’s “Statement on 
Enhancing Weather Information with Probability Forecasts” 
(AMS, 2002) noted that the current deterministic approach 
to weather prediction and communication has resulted in 
“much of the informational content of meteorological data, 
models, techniques and forecaster thought processes not 
being conveyed to the users of weather forecasts. Making 
and disseminating forecasts in probabilistic terms would 

FIGURE 1.4 A 10-day deterministic forecast from a local televi-
sion station. The forecast implies certainty in long-range predic-
tions. The length of the forecast is dictated by the station’s channel 
number (an initial five-day deterministic forecast, “Plus 5 More”), 
as a promotional tactic. SOURCE: KING5-TV, http://www.king5.
com/weather/.

1-4
fixed image

exist, media presentation of these forecasts has multiple 
 drivers in addition to the science.7

Problems with the dominance of deterministic forecast-
ing information are compounded by the poor communica-
tion of the limited uncertainty information that does exist. 
For example, PoP is communicated through icons that are 
unclear and sometimes inconsistent with their supporting 
text (e.g., Figure 1.5). Furthermore, a portion of the public is 

7See Chapter 4.

FIGURE 1.5 Inconsistent use of NWS icons used to communicate 
PoP. Note that the same symbol is used for probabilities ranging 
from 20 to 100 percent. SOURCE: NWS Web sites.
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12 COMPLETING THE FORECAST

FIGURE 1.6 The three-day forecast of the track of Hurricane Charley about 28 hours prior to landfall near Punta Gorda, Florida. The cone 
of uncertainty is represented by the white shading, with the most probable track indicated by the black line. This product consistently showed 
that the ultimate landfall area was within the forecast cone of uncertainty. SOURCE: National Hurricane Center.1-6

fixed image

correct a major portion of this shortcoming.” By providing 
mainly single-valued categorical information, the hydrome-
teorological prediction community denies its users much of 
the value of the information it produces—information that 
could impart economic benefits and lead to greater safety and 
convenience for the nation.

There is an extensive literature documenting the potential 
socioeconomic value of uncertainty information over tradi-
tional deterministic forecasts (e.g., Katz and Murphy, 1997). 
Many of these studies consider simplified forecast-related 
decisions with a certain cost for protection and a specified 
loss if the event occurs without mitigation. For example, 
Murphy (1977) demonstrated that for such predictions reli-
able probabilistic forecasts always had a higher economic 
value than categorical forecasts or those based on climate 
averages, and that even unreliable uncertainty predictions 
reduce costs over categorical forecasts for most cost/loss 

ratios.8 Other studies have examined specific users’ decisions 
in greater detail. In aviation, for example, Keith (2003) dem-
onstrated that the use of probabilistic predictions of visibility 
and cloud base afforded considerable economic benefit over 
the usual deterministic Terminal Aerodrome Forecasts. 
A retrospective study of management strategies for large 
reservoirs in California (WSAT, 2000) showed that using 
uncertainty information from a seasonal ensemble resulted in 
a 9.5 percent increase in annual hydroelectric revenue with a 
40 percent reduction in wasteful spillage compared to using 
deterministic predictions. 

The failure to provide forecast uncertainty information 
can contribute to damage and loss of life. For example, Pielke 
(1999) discussed how the lack of uncertainty information 

8A low cost/loss ratio means a large loss or very expensive loss relative 
to the cost.
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in NWS forecasts dealing with the potential rise of the Red 
River in 1997 contributed to insufficient preparation by the 
population and public agencies. This catastrophic flooding 
event, which caused over a billion dollars of damage, was 
well within the typical error of the forecast river level. But 
such uncertainty information was not provided to the public 
or even other federal agencies.

With the availability of uncertainty information, users—
each with their own sensitivity to costs and losses and with 
varying thresholds for taking protective action—could better 
decide for themselves whether to take action and the appro-
priate level of response to hydrometeorological situations. 
For example, current NWS wind predictions provide limited 
uncertainty information; consequently, for users who experi-
ence damage at 30 mph or more, a single-valued prediction 
of 25 mph or even a range of say 23 to 27 mph might not 
prompt any protective action. A probabilistic wind predic-
tion, however, would likely indicate a modest probability 
that wind speeds could exceed 30 mph. Thus, the user with 
a low cost/loss ratio (low cost to protect or very expensive 
loss) might choose to use resources for protection in such a 
circumstance, whereas users with a high cost/loss ratio would 
likely do the opposite. In this way, probabilistic informa-
tion can improve use of resources and enhance protection 
of life and property. More complex situations arise in the 
case of water resources facilities that serve many users and 
multiple objectives (e.g., water supply, ecosystem health, 
hydroelectric power production, flood control). In such cases, 
more elaborate decision-support systems may be necessary 
to guide decisions that result in substantially increased ben-
efits for all stakeholders (Loucks, 1989). 

In addition to socioeconomic value and scientific validity, 
a third reason for provision of uncertainty information is to 
retain user confidence. Forecasting a single atmospheric or 
hydrologic evolution when considerable uncertainty exists, 
without effectively communicating that uncertainty, inevita-
bly undermines user confidence since there will always be 
significant and unavoidable forecast errors. If users knew that 
a range of occurrences was possible, the credibility of the 
forecasting community could be maintained since a proba-
bilistic prediction system may have indicated a significant 
probability for the actual occurrence. 

Finally, there is also an ethical dimension to the lack 
of uncertainty information in most hydrometeorological 
 predictions. The Enterprise is providing many users with 
deterministic forecasts for a week and beyond, implying 
a level of forecast accuracy and skill that does not exist. 
Providing such single-value forecasts at any time range is 
deceptive and incompatible with the well-known state of 
the science, which acknowledges the inherent uncertainty 
in prediction. By comparison, in the medical arena proba-
bilistic prognoses are commonplace as are the probabilities 
of cure with various therapies. As noted in recommendation 
8 of the Fair Weather report (NRC, 2003a), NWS, as “the 
organization responsible for setting the scientific standard 

for operational meteorology” should “adopt and improve 
probabilistic methods for communicating uncertainties in 
the data and forecasts where such methods are accepted as 
scientifically valid.”

1.5 THE NEED FOR AN ENTERPRISE-WIDE 
RESPONSE

The shift of hydrometeorological prediction to a scien-
tifically valid approach that fully considers, communicates, 
validates, and appropriately applies forecast uncertainty will 
demand the cooperation of the entire Enterprise. For NWS, 
this cooperation occurs in the context of NOAA’s partnership 
policy, which guides the agency in interactions with others 
in the Enterprise (Box 1.3).

Treating uncertainty as a fundamental characteristic of 
hydrometeorological predictions will require new links and 
feedbacks among the various sectors of the Enterprise. The 
academic, public, and private sectors will need to cooperate 
in estimating and studying uncertainty, understanding user 
needs and capabilities, generating new products that effec-
tively communicate uncertainty, and developing new types 
of public outreach and educational and training programs to 
promote appropriate interpretation and use of these new fore-
casts. In addition, uncertainty-explicit forecasts will likely 
foster the emergence of new intermediaries from academia 
and the private sector to develop decision-support systems 

BOX 1.3
NOAA Partnership Policy

 NOAA’s Policy on Partnerships in the Provision of Environ-
mental Information (updated January 2006) states that “[t]he 
nation benefits from government information disseminated both 
by Federal agencies and by diverse nonfederal parties, includ-
ing commercial and not-for-profit entities. NOAA recognizes 
cooperation, not competition, with private sector and academic 
and research entities best serves the public interest and best 
meets the varied needs of specific individuals, organizations, and 
economic entities. NOAA will take advantage of existing capabili-
ties and services of commercial and academic sectors to support 
efficient performance of NOAA’s mission and avoid duplication and 
competition in areas not related to the NOAA mission. NOAA will 
give due consideration to these abilities and consider the effects 
of its decisions on the activities of these entities, in accordance 
with its responsibilities as an agency of the U.S. Government, to 
serve the public interest and advance the nation’s environmental 
information enterprise as a whole.”

SOURCE: http://www.nws.noaa.gov/partnershippolicy/.
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14 COMPLETING THE FORECAST

to enhance the utility of such forecasts. Such intermediaries 
would encourage new links and feedbacks between forecast 
producers and forecast users within the Enterprise. Last, 
the introduction of new uncertainty-explicit forecasts will 
generate the need for continuing validation, producing feed-
backs from the forecast users to the forecast producers that 
may affect the manner of product generation and form of 
communication.

Although cooperation among sectors of the Enterprise 
would require some additional effort from all participants, 
several benefits are envisioned for each sector. NWS, 
through cooperation with academia and the research sector, 
gains access to state-of-the-science models, methods, and 
approaches, whereas through cooperation with the private 
sector and users it enhances the utility of forecast products, 
gains an understanding of the economic or market-driven 
forces of effective communication of uncertainty information, 
and receives feedback on forecast validation and user needs. 
The academic and research sectors gain access to NWS data 
and model resources for advancing research goals, receive 
feedback from NWS and the private sector for improving 
educational objectives, and develop new interdisciplinary 
areas of inquiry at the interface of physical, social, and 
behavioral sciences. For the private sector, close cooperation 
would facilitate the transfer of academic research to societal 
use and would ensure educator/researcher knowledge of the 
requirements of the workplace. Furthermore, the private 
 sector gains access to validated operational predictions and 
data that may be used to generate value-added products 
tailored to user needs.

1.6 EDUCATION AS A CORNERSTONE OF THE 
TRANSITION TO A PROBABILISTIC VIEWPOINT 

If the Enterprise is to make a successful transition from 
a predominantly deterministic mode of forecast generation 
and communication to one in which uncertainty information 
is an integral part of all products, substantial education and 
retraining of both users and providers of hydrometeorological 
predictions will be required. The university community will 
need to support changes in courses and curricula to ensure 
its graduates possess necessary knowledge of forecast 
uncertainty, methods for its generation, and the potential 

value of uncertainty information for meeting societal needs. 
NWS forecasters will need to master the underlying ideas 
of ensemble prediction and forecast uncertainty and will 
require retraining to deal with the new probabilistic forecast 
communication systems of the future. To facilitate such a 
transition NWS will need to establish new training materials, 
drawing on outside expertise in areas including the social 
sciences to create new tools such as educational modules 
for the Cooperative Program for Operational Meteorology, 
Education and Training dealing with forecast uncertainty. 
Similarly, the private sector will need to retrain its forecast 
personnel, both in the production and communication of 
uncertainty information. Reaching out to expertise beyond 
the traditional hydrometeorological community will increase 
the probabilities of success. Finally, the Enterprise will need 
to facilitate substantial outreach to the public and other users 
to acquaint them with the limitations of traditional single-
value predictions and the considerable value of uncertainty 
information.

1.7 THE UNCERTAINTY IMPERATIVE

There is a confluence of compelling reasons for the 
Enterprise to transition to a new paradigm for hydrometeo-
rological prediction, one in which uncertainty information is 
considered an integral and essential component of all fore-
casts. Prediction is inherently uncertain, and only by having 
access to actionable uncertainty information can users con-
sider and apply the complete information required to make 
the best decision for their needs and situation. Fortunately, 
the demand for a transition to uncertainty communication 
is concurrent with an increasing ability to generate reliable 
uncertainty guidance. 

The remainder of this report examines the psychological 
elements underlying use of uncertainty information (Chap-
ter 2), reviews the strengths and weaknesses of the cur-
rent operational systems for producing and verifying such 
forecasts (Chapter 3), and then evaluates current modes for 
communicating uncertainty information (Chapter 4). Based 
on this analysis, a series of overarching recommendations is 
presented in the final chapter. Actions in response to these 
recommendations will enable the transition to a new era in 
hydrometeorological prediction.
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2

Uncertainty in Decision Making

This chapter provides guidance on how to identify and 
characterize the needs for uncertainty information among 
various users of forecasts, including members of the public, 
emergency managers, other government decision makers, and 
private-sector entities, both direct users and intermediaries. 

To do so, it is first necessary to understand how decision 
makers interpret and use uncertainty information. Following 
a general overview of user types and needs for uncertainty 
information, Sections 2.2 and 2.3 summarize, respectively, 
how two streams of research have addressed the question of 
how decision makers interpret and use uncertain informa-
tion—one from a descriptive perspective (how decisions 
under uncertainty are made), the other from a prescriptive 
perspective (how decisions under uncertainty should be 
made). 

The descriptive perspective identifies psychological 
 factors that influence how users perceive risk and uncertainty 
and process uncertainty information. These factors can lead 
to decisions that are quite different from those suggested 
by traditional “rational” decision models and, in the case of 
weather and climate forecasts, different from those expected 
by forecast communicators. The prescriptive perspective, 
statistical decision theory, considers how the major factors 
(inputs, preferences or goals, outputs, etc.) affecting a deci-
sion can be developed into a model that relates inputs to 
outputs and expected performance. Quantifying these fac-
tors and analyzing the results makes it possible to identify 
“superior” choices, conditional on the data used and the 
model’s assumptions. While the psychological perspective 
suggests that the statistical decision theory does not fully 
describe real-world decision making, such a process may aid 
decisions and improve understanding of decision making by 
reducing complexity and focusing the analysis. 

Following the sections on prescriptive and descriptive 
approaches, Section 2.4 discusses how National Weather 
 Service (NWS) and the Enterprise might apply this knowledge 
to better understand users’ needs for uncertainty information. 
There is a vast and growing literature on psychological issues 

associated with processing of uncertainty information and 
different methods of communicating user-specific probabil-
ity and other uncertainty information. The committee did 
not review and digest this literature and parallel literatures 
(e.g., on the communication of risk information in health 
and medicine) to the point of making recommendations for 
the design of specific forecast products. Instead, and given 
that the need for probabilistic forecast products will grow, 
the committee recommends a process by which NWS can 
develop an effective system of provider-user interactions 
that will lead to the design and testing of effective forecast 
formats. Detailed recommendations about the specifics of the 
process are distributed throughout the chapter. Some of the 
recommendations are further developed in Chapter 4.

2.1 USER TYPES AND NEEDS FOR  
UNCERTAINTY INFORMATION

2.1.1 General User Types and Needs for  
Uncertainty Information

As forecast skill has increased in recent years, forecasts 
have become an important component of everyday and 
hazardous-weather decision making for many segments of 
society and the U.S. economy. Users of forecasts generated 
by the Enterprise range from members of the public to those 
with significant training in statistics and risk management. 
These different groups of users are diverse in both informa-
tion desires and needs and their ability to process uncertainty 
information. NWS, in support of its mission to protect life 
and property and enhance the national economy, provides 
forecast information to some users directly, and to some users 
indirectly through intermediaries such as the media and other 
private-sector entities. 

There are two broad categories of NWS forecast users 
(Figure 2.1): individuals or organizations who use the fore-
cast directly in their operational decisions or their strategic 
planning, and organizations or institutions that act as inter-
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User Types
Decision makers
(individuals, 
organizations)

Decision support 
providers
(e.g., media, government, 
weather services)

NWS hydrometeorological products

2-1

FIGURE 2.1 User categories for NWS products and the flow of forecast information and products among them. Line thickness qualitatively 
illustrates the relative magnitude of flow. SOURCE: Committee on Estimating and Communicating Uncertainty in Weather and Climate 
Forecasts.

mediaries between NWS and the public. Those include the 
media, government organizations, and weather services. The 
psychological factors in interpretation and use of uncertainty 
information apply mostly to individual end users. However, 
some intermediaries (such as the media) can exhibit similar 
understanding of probabilistic information. In addition, fore-
cast products and formats that work for the NWS scientists 
who develop them may not be understandable to and usable 
by less specialized information processors. 

The decision-support systems and analytic decision 
methods discussed in Section 2.3 are found to a far greater 
extent among users who get their information from the 
intermediaries listed on the right-hand side of Figure 2.1. 
Whether the decision processes that utilize hydrometeoro-
logical forecasts are informal and intuitive or formal and 
analytic, forecast producers need to be cognizant of how 
forecast information gets used to decide on how to optimally 
present its uncertainty.

Weather and climate affect nearly all segments of society, 
and there is a multitude of weather- and climate-related 
decisions and decision makers. More specifically, decision 
processes and their consequences vary on at least the follow-
ing dimensions:

Forecast user: for example, individual, institution, or 
Enterprise member/intermediary; 

Sector: for example, travel, tourism, energy, water, 
agriculture, insurance;

Type of decision: for example, emergency response, 
routine/recurrent operation, or adaptive long-term manage-
ment plan;

Time or space scale: for example, imminent flood man-
agement at a location, or prediction of global market prices 
for commodities in a future season, or long-term corporate 
or national investments in infrastructure;

Problem complexity: for example, single objective 
with a few known inputs, or multiple objectives with many 
inputs/outputs and sources of uncertainty; 

Decision processes: for example, analytic versus intui-
tive; exhaustive analysis of response options versus semiau-
tomatic decision rules or response triggers, and framing of 
outcomes as gains or losses; and

Consequence of decision: for example, carrying an 
umbrella unnecessarily; saving lives and property.

In general, users want forecasts to help them make a 
decision: What clothes do I wear? Do we send out snow-
plows, and if so, when? Do we purchase additional fuel 
supplies for the coming months, and if so, how much? Do 
we order mandatory evacuations?1 The decisions made with 
hydrometeorological forecasts are so numerous and variable 
that this report cannot identify and specify the information 
needs of each individual user or user community. Thus, this 
section explores user needs for uncertainty information by 
discussing broad user communities and presenting examples. 
 Guidance to NWS on how to build capacity to identify its 
users’ needs in greater detail is presented in Section 2.4

2.1.2. Specific User Types and Needs for  
Uncertainty Information

Although NWS has not established a comprehensive 
 formal method for incorporating uncertainty information into 
its services and products based on user needs,2 it does have 

1As these examples illustrate, many (but not all) user decisions are binary 
(yes or no), often with some threshold for action. Within this binary decision, 
however, there can still be a range of alternatives related to type of action 
(e.g., take a raincoat or an umbrella), timing of action, and other factors. 

2As noted in written responses from NWS to the committee and in a 
presentation by Ed Johnson at the committee’s first meeting.
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UNCERTAINTY IN DECISION MAKING 17

snapshots of those needs. For example, according to a recent 
customer satisfaction survey commissioned by NWS, most 
NWS customers surveyed want uncertainty information, but 
they are significantly less interested in probability informa-
tion. With regard to the Advanced Hydrologic Prediction Ser-
vice, NWS reports that although the available probabilistic 
information is utilized by specialized users, it has yet to be 
widely utilized by members of the public or even emergency 
managers. Nonetheless, these same users do understand and 
use qualitative uncertainty information.

Hydrometeorological forecasts are used in multiple ways 
that include variations in the time horizon of the forecast, 
the type(s) of variables being predicted, their geographic 
specificity, and other factors. This section discusses the dif-
ferent uses to which hydrometeorological forecasts can be 
put from a more abstract decision-making perspective. The 
examples provided differ on three continua. The first is along 
the dimension from simple, binary or go/no-go decisions that 
rely on some criterion cutoff to more complex, continuous 
decisions, such as deciding on the planting density of a 
crop as a function of a seasonal precipitation forecast. The 
 second continuum ranges from little or no lead time to make 
a decision to decisions with longer lead time that often allow 
for adjustments along the way. The third continuum ranges 
from decisions of little consequence to decisions with severe 
consequences. Whereas decisions with low stakes occur 
very frequently (e.g., should I carry an umbrella today?), the 
consequences of the rare decisions with high stakes and thus 
the importance of transmitting forecasts in those situations 
in the most effective and socially beneficial way are many 
orders of magnitude greater. 

One of the three examples in this discussion depicts 
short-term warning of an approaching hurricane (Box 2.1), 
and forecasts and warnings are directed at intermediaries but 
also at end users. This example involves high stakes, the loss 
of human life, and major physical destruction. The second 
and third examples (Boxes 2.2 and 2.3) involve the commu-
nication of a seasonal climate forecast to analytically more 
specialized users and intermediaries in different sectors. In 
these cases, the time urgency and the targeting of the mes-
sage at analytically less well trained recipients make it less 
desirable to transmit the probabilistic nature of the forecast 
and more important to hit the right emotional tone and level 
of the message conveyed by the forecast.3

Much can be learned about users’ needs for forecast 
uncertainty information from the experience of the private 
meteorological sector.4 For example, according to one major 
private weather forecasting company, although its clients 
differ widely in their uses of forecasts, there are common 
themes in their needs for uncertainty information. Many of 
the company’s customers want to know the “worst case” and 
the forecaster’s “best guess” (i.e., most likely outcome), as 

3See related material in Box 4.3.
4Presentation by Jim Block, September 2005.

well as the level of confidence the forecaster has in their own 
forecast (often phrased as “What would the forecaster do in 
their situation?”). Their users frequently assess uncertainty 
by seeking multiple sources of information, given its rela-
tively easy availability on the Internet. Rather than a continu-
ous probability distribution function (see Box 1.1), many of 
their users also prefer a presentation of high-, medium-, and 
low-likelihood events (expressed quantitatively, a 10/80/10 
percent distribution in which the middle 80 percent corre-
sponds to the medium likelihood). Many of their customers 
also want decision-support tools that translate uncertainty 
forecasts into risk analysis.

Finally, much can also be learned from the experience of 
the international community in understanding user needs. 
Some of these international experiences may not be directly 
 applicable to NWS, since hydrometeorological services 
operate differently and have different missions in different 
countries (particularly with respect to roles of public and 
private sector), but it still can be informative.

2.1.3 Constraints and Limitations on Use of  
Uncertainty Information

While users may seek uncertainty information, they may 
not always need it or be able to use or to act upon it. For 
instance, state departments of transportation reportedly want 
probability information on road weather, but researchers find 
that they may not actually know what they are really asking 
for.5 As discussed in more detail in Section 2.2.1.4, users 
have a range of numeracy and analytical skills, and many 
users, even sophisticated ones, may not be able to process 
and manage uncertainty information, either manually or by 
computer. Emergency managers in Los Angeles, for instance, 
report that they are grappling with more mundane data prob-
lems such as accessing, exchanging, and verifying data, not 
to mention reviewing, understanding, and interpreting such 
data.6 Users also require time to incorporate new information 
into their decisions; for example, tactical decision making 
in the aviation industry involves extremely short timescales, 
which can complicate the use of uncertainty information. 
Moreover, the information provided must also be compat-
ible with the capabilities of the science. In the long term, 
providing information that is scientifically indefensible will 
not benefit users’ decisions and thus will not satisfy their 
wants and needs.

The provision of more information is also not always 
desirable because additional information can delay or com-
plicate action, with great costs in situations of time pressure 
and high stakes, especially when information besides hydro-
meteorological forecast information plays an important role.7 

5Presentation by Bill Mahoney, September 2005.
6Presentation by Ellis Stanley, August 2005.
7The provision of uncertainty information is different from the production 

of such information. As noted in Chapter 3 in particular, the capability to 
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BOX 2.1 
Hurricane Katrina

 
 Forecasts of extreme weather events such as tornadoes and hurricanes that are associated with large socioeconomic impacts must communicate 
important information to many types of users ranging from members of the public to decision makers in industry and government. Such forecasts 
generally provide a small lead time (e.g., up to 3 days in the case of hurricanes; see Figure 2.2) for decision makers. In the case of Hurricane Katrina, 
which hit the Gulf Coast in late August 2005, everyone in the affected region had to make weather-related decisions, many of them with life-death 
consequences. 
 The consequences or outcomes related to decisions varied widely among users. Many decided to stay and either lost their lives (nearly 1,500 
individuals died) or were stranded in the flooded areas in and around New Orleans. Nearly everyone in the region experienced some unavoidable 
economic loss. However, some organizations (e.g., regional railroads) used the forecasts of the projected hurricane path to make critical decisions 
(e.g., remove trains from the city prior to landfall) to minimize losses. Although the hurricane track forecasts were provided with uncertainty information 
(e.g., the cone of uncertainty) the short decision period of less than 48 hours forced a relatively limited decision in most situations (e.g., evacuation 
of at-risk locations and oil and natural gas platforms). Decision-support systems that highlight the likelihood of potential consequences, and provide 

FIGURE 2.2 72-hour NOAA hurricane strike probability forecast from August 28, 2005, preceding Katrina’s landfall. SOURCE: National Hurricane Center.

2-2
fixed image

continued
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information on the continuously changing evacuation times and conditions, could be of great value to a number of key groups, such as emergency 
managers, in these high-pressure decision situations. However, it is not yet clear to what degree such tools were used during Hurricane Katrina.
 A key approach in catastrophic events is to communicate information in a clear, consistent manner. In addition, those disseminating information 
must understand and communicate the accuracy of the forecast and the potential consequences. For an emergency manager it may be critical to receive 
forecast uncertainty information to decide whether or not (and where) to order an evacuation and to put in the necessary support services (e.g., national 
guard, evacuation vehicles, communication methods, financial support services). The affected public needs to decide whether and how to act based 
on an evaluation of their situation, the emergency manager directive, and their access to the services. As to the communication aspect, care is needed 
when comparing an ongoing event to one that occurred earlier. For example, comparisons of Hurricane Katrina with Hurricane Camille, which occurred 
in 1969, might have triggered an undesirable response by some (based on their memory). Showing worst-case scenarios, such as the levees failing 
and the entire Ninth Ward of New Orleans under water, might have created a different response. However, someone would still have to decide to show 
such scenarios and how to present them. That decision would need to be informed by prior analyses of potential consequences and of what to do as 
a function of the assessed uncertainty of the forecast, and of the consequences. Hurricane wind and rain forecasts are but one part of the uncertainty 
associated with levee failure. 

BOX 2.1  Continued

BOX 2.2
Seasonal Energy Decisions

 Deregulation of the energy markets in the 1990s and the success of recent long-lead winter seasonal temperature forecasts (e.g., in 1997-98) have 
altered how power-utility decision makers view the use of climate information and seasonal forecasts (Changnon et al., 1995). Lead times associated 
with weather-sensitive utility decisions vary from a week to months. Primary applications of seasonal forecasts within utilities include power trading, 
load forecasting, fuel acquisition, and systems planning. Energy companies consider factors that often change, including those that are not weather-
related. This creates complex decision schemes and the need for decision-support systems. For example, use of the winter temperature forecast depends 
not only on the accuracy or confidence in the forecast, but on whether other factors such as current natural gas supplies dominate over the forecast 
information.
  The consequences of weather-related decisions can be extremely large for a utility. Prior to the El Niño winter of 1997-98, many Midwestern power 
traders used the forecasted warm, dry winter conditions to alter their purchasing decisions, thus saving consumers millions of dollars (Changnon, 
2000). The development and use of “weather derivatives” during the 1990s provided a means for power traders to insure against weather and climate 
risks (Dutton, 2002; Changnon, 2005). On average approximately $4 billion worth of weather contracts are sold in the United States each year. Other 
utility users of seasonal forecasts, including those in fuel acquisition and system management also must make economically important decisions that 
are based on a full understanding of the potential benefits and losses of such decisions. 
 Utility companies are generally comfortable with probability-based forecasts but are often interested in obtaining climatological information and 
explanations of the forecasts (Changnon et al., 1995). In addition, utility officials have identified a number of hindrances to the use of forecasts including 
forecasters not communicating the level of accuracy of winter forecasts, forecast information that is difficult to understand and integrate into existing 
decision-support systems, and lack of access to forecast experts who could enhance use of information by providing a level of confidence in a given 
forecast (Changnon et al., 1995).

As discussed in more detail in Chapter 4, when developing 
products to communicate forecast uncertainty (and deciding 
where to expend resources in doing so), it is necessary to 
consider user needs and capabilities rather than simply pro-
viding a large amount of information and expecting it to be 

produce uncertainty information for users, in and of itself, is valuable and 
indeed critical for creating forecast products tailored for a specific use.

useful or used. For example, many road weather decisions are 
primarily driven by budgets.8 Some transportation agencies 
also prefer a deterministic rather than probabilistic forecast 
because the weather of interest has such severe consequences 
that they will treat the roads in the event of any chance of pre-
cipitation (and would also prefer not to have field staff, aided 

8Presentation by Steve Zubrick, August 2005.
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BOX 2.3
Sacramento Floods and Folsom Reservoir Operation

 Like New Orleans, Sacramento, which lies in the flood plain of the American and Sacramento rivers, is one of the U.S. cities most vulnerable to flood-
ing (NRC, 1995, 1999a, 2000). Major floods in the years immediately following the Gold Rush of 1849, in particular the flood of 1861-62, highlighted 
Sacramento’s vulnerability. Initial efforts to control floods purely by levees were shown to be ineffective by the 1907 flood, and by 1956 a comprehensive 
system of levees, bypasses, channel improvements, and dams, including Folsom Dam on the American River, was largely implemented. 
 The development of design criteria for Folsom Dam entailed the use of the historical hydrometeorological data to provide the city with protection 
from a 500-year flood event. Folsom Reservoir was developed as a multipurpose reservoir for hydropower, flood control, recreation, and water supply. 
Operating rules were developed for the reservoir using historical data, as well as synthetic flows generated from time-series analysis—but not hydro-
meteorological forecasts. These rules specify upper and lower limits on storage volumes retained for future flood control, water supply, and energy 
production as a function of calendar date. The rules are derived from long simulations of system operation to meet target demands under acceptable 
levels of reliability for each aspect of operation. Thus, the physical infrastructure and its operation rules are developed in the context of statistical 
decision theory (Section 2.3) using probabilistic information on supply and flood volume and timing derived from the historical record.
 A major flood not included in the design studies for the Folsom Dam occurred in 1997. As was the case with a record flood in 1986, the 1997 
flood brought the system to the brink of failure—levees were nearly overtopped. With the new flood taken into consideration, the estimate of the degree 
of flood protection may be revised to be as low as the 80-year flood level (NRC, 1999a). It is unclear whether the occurrence of two very significant 
floods in the past two decades is due to sampling variability (i.e., uncertainty in the estimation of the flood occurrence probabilities) or climate change 
(i.e., a lack of representativeness of the historical record used for system design). The inability to resolve the nature of this uncertainty, combined with 
other scientific, economic, and political issues, has led to inaction regarding construction of new infrastructure to adequately protect Sacramento from 
flooding. Consequently, adaptive system management using probabilistic inflow forecasts and improvements to the release structures have emerged as 
the primary approaches to manage the reservoir operations against hydroclimatic risk. Along these lines, the U.S. Army Corps of Engineers (USACE) 
is studying alternatives to a pre-release scenario on the basis of hydrometeorological forecasts (USACE, 2002). 
 Development of adaptive system management under inflow forecast uncertainty is a challenging problem for the multipurpose Folsom Reservoir. 
Multiple time scales need to be considered for the operation of the system. Probabilistic weather forecasts at 0- to 7-day lead times would be needed in 
conjunction with monitored watershed hydrology to estimate flood volume probabilities to aid decisions on advanced releases of water in anticipation 
of a flood. Probabilistic forecasts of monthly and seasonal rainfall would be needed to generate probabilistic inflow forecasts to assess reservoir refill 
probabilities by the end of the wet season. The consequences of excess advanced release could be the inability to fill the reservoir by the end of the 
wet season and, consequently, an inability to meet future energy and water demands. Multidecadal scenarios of forecasts would be needed to assess 
whether modifications in operating rules to take advantage of probabilistic forecasts would indeed translate into risk reduction and benefits relative to 
the existing default policies in the long run. Implementation of modified rules by the managers in the absence of long-term performance simulations 
is unlikely. Initial work in these directions has started as a collaborative effort of researchers, forecasters, and managers (Georgakakos et al., 2005). 
 This is an example of a system vulnerable to hydroclimatic variability for which there is the technical ability to use probabilistic hydrometeorological 
forecasts in an analytic framework for risk reduction. It also represents a good opportunity for the development of a testbed (see Section 3.1.6). 

with uncertainty information, second-guessing management 
decisions). In agriculture, many users’ decisions are affected 
more by economic factors such as export market conditions, 
than by hydrometeorological forecasts.9 Water resources 
managers’ decisions are dominated not by hydrometeoro-
logical forecasts but instead by regulations, costs, power 
markets, politics, and, of late, terrorism threats.10 Organiza-
tions often also establish standard operating procedures (e.g., 
with specific roles and responsibilities for each position) that 
have developed over many years and may not easily adapt to 
inputs of new information (e.g., Box 2.4). And some users 

9Presentation by David Changnon, September 2005.
10Presentation by Kathy Jacobs, September 2005.

do not even utilize existing forecast products and tools. For 
example, by law, the USACE cannot make reservoir manage-
ment decisions based on forecasts.11 When they do use fore-
cast information, many water resources and agricultural users 
prefer scenarios and collections of past observed events that 
“look like” what they expect to see in the future (analogs), 
instead of simply probability information. 

Users process information both emotionally and rationally. 
The next two sections discuss ways in which users might deal 
with probabilistic forecasts from the perspective of the recent 
descriptive and psychological literature on decision making 
under uncertainty. The elements of statistical decision theory 

11Presentation by Beth Faber, September 2005.
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BOX 2.4
Example of the Complex Ways that Uncertain Hydrometeorological Information  

Can Interact with User Decision Making

 Flood managers often make high-stakes decisions based on complicated and usually incomplete data and information amidst not only much 
uncertainty but also constant change. The interaction between hydrometeorological uncertainty and flood management decision making was explored 
in a study by Morss et al. (2005). Like many groups of users, flood managers are not a homogeneous group; rather, the group includes decision 
makers from a variety of disciplines who operate under the priorities and values of their respective constituencies and communities. Their decisions 
must often be made quickly, using whatever information is available at the time, and the options available to them frequently must be taken in untidy, 
discrete chunks and not continuously along an elegant distribution of probabilities. And in many cases, flood management decisions are, in essence, 
already made for them, determined well in advance by land-use patterns, existing infrastructure, and rigid operating rules. 
 In such an environment, these resource constraints—in addition to technical capacity, familiar and comfortable routines, and even personal relation-
ships with trusted advisers—triumph over scientific information, especially when different sources of hydrometeorological information and guidance 
conflict. Flood managers thus often retreat to simple analyses and actions that, while perhaps not fully incorporating the best science and uncertainty 
information available, are nonetheless logical and defensible. Based on their findings and the experience of others, Morss et al. (2005) recommend 
that to provide usable scientific information, scientists must invest time and effort to develop long-term relationships with flood managers, providing 
a two-way street for ongoing interaction and feedback. For information to be used, scientists must also make hydrometeorological information directly 
applicable and practical for a flood manager’s situation and environment. Such an approach should eventually lead to the familiarity with, trust in, 
and credibility of scientists that flood management practitioners seek when making critical decisions and thereby allow them to better incorporate 
hydrometeorological information into those decisions. As noted earlier, for some users a key component of this information is detailed forecast and 
historical information for user-based verification.

that may constitute an input into such processes are then 
discussed in the subsequent section. The formal analyses of 
the statistical decision analysis approach may be internal-
ized in many businesses (e.g., for decisions on maintenance, 
inventory and supply chain management, infrastructure and 
strategic planning, and insurance). The opportunity for the 
use of probabilistic forecasts by different users may vary 
dramatically, and different types of efforts (e.g., modification 
of an existing decision-support system, or a detailed analysis 
of factors that determine decisions and the “safe” introduc-
tion of probabilistic information into that process) may need 
to be stimulated by the Enterprise to make forecasts useful 
to these groups.

2.2 PSYCHOLOGICAL FACTORS IN INTERPRETING 
AND USING UNCERTAIN INFORMATION

This section reviews some established results from the 
psychology of risk and uncertainty; that is, what is known 
about the way in which people deal with risk and uncertainty 
and how they understand and utilize uncertainty information? 
It begins by describing several psychological dimensions 
relevant to the communication of uncertainty information 
on which potential users of weather and climate forecasts 
are known to differ. Most of these differences derive from 
the fact that people process uncertainty information with the 
help of two systems, an experiential/emotional system and 
an analytic system. These two processing systems operate 

for everyone, but the degree of sophistication of the analytic 
processing system and the attention paid to it by the decision 
maker strongly differ as a function of education and train-
ing, and by the current rules of practice in an organization. 
This section discusses the implications that this and other 
individual differences might have for the design of forecast 
uncertainty products. Section 2.2.2 describes three complica-
tions in the communication of uncertainty information that 
lie at the root of possible user misinterpretations or rejections 
of probabilistic forecasts and point the way to user needs. 

2.2.1 Psychological Heterogeneity in Users

The psychological heterogeneity of users makes it impos-
sible for any single forecast product to satisfy the needs and 
constraints of all users. Factors that influence the way in 
which users perceive uncertainty and make decisions include 
the operation of different information-processing systems, 
how information about possible events and their likelihood 
is obtained, the different emotional impact of gains versus 
losses, and the degree of numeracy and personality of a 
particular user. 

2.2.1.1 Two Processing Systems

Research from cognitive, social, and clinical psychology 
suggests that people process information in two distinct ways 
when making judgments or arriving at decisions (Epstein, 
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1994; Chaiken and Trope, 1999; Sloman, 1996; Table 2.1). 
The first, evolutionarily older system works on the basis 
of affective associations and similarity; it teaches us, for 
example, to avoid the hot stovetop that caused us pain when 
touched, and to avoid similar stovetops in the future. This 
associative system is intuitive, automatic, and fast. It maps 
uncertain and adverse aspects of the environment into affec-
tive responses (e.g., fear, dread, anxiety) and thus represents 
risk as a feeling (Loewenstein et al., 2001). It requires real-
world experience as input (and more experienced decision 
makers make better decisions using it than novices), but its 
basic mechanisms are present in every healthy infant and do 
not need to be learned.

The second processing system works by analytic algo-
rithms and rules, including those specified by formal models 
of judgment and decision making (Section 2.3), but also less 
formal rules like those embodied in customs or proverbs. It 
translates experience into symbolic representations (words, 
symbols, or numbers) that can be manipulated by rules and 
algorithms. These rules need to be learned and are taught 
both formally (e.g., college courses on probability theory) 
and informally (e.g., culture-specific rights and obligations 
that are transmitted in the form of proverbs or professional 
codices). Unlike the associative system, the analytic process-
ing system does not operate automatically, and its operation 
requires effortful conscious awareness and control. 

The two processing systems typically operate in parallel 
and interact with each other. Analytic reasoning cannot be 
effective unless it is guided by emotion and effect (Damasio, 
1994). In many if not most instances, the two processing 
systems arrive at similar decisions or conclusions. In those 
cases where the decisions or conclusions disagree, how-
ever, the affective system usually prevails, as in the case of 
phobic reactions, where people know that their avoidance 
behavior is at best ineffective and possibly harmful to them 
but cannot suspend it. Even in seemingly objective contexts 
such as financial investment decisions, emotional reactions 
(e.g., worry or dread) to investment opportunities are just as 
important as statistical variables (e.g., outcomes and their 
probabilities) to predict perceptions of risk (Holtgrave and 

Weber, 1993). If perceptions and reactions to risk were driven 
mostly or exclusively by statistical probability distributions, 
they would not be influenced by the way a particular hazard is 
labeled. Yet, reports about incidences of “mad cow disease” 
elicit greater fear than reports about incidences of bovine 
spongiform encephalitis or Creutzfeld-Jacob disease, a more 
abstract, scientific label for the same disorder (Sinaceur and 
Heath, 2005). 

In another example, different labels for the same NWS 
forecast product have been found to evoke different asso-
ciations and feelings. Broad et al. (2006) examined media 
interpretations from local Florida newspapers of the National 
Hurricane Center (NHC) hurricane forecast product, referred 
to by NHC as the cone of uncertainty (Figure 1.6). A search 
of Lexis/Nexis and the Miami-Dade Public Library System 
Databases identified 101 articles in 14 daily papers for the 
period of January 1, 2004 to August 16, 2005. As shown in 
Figure 2.3, “cone of uncertainty” and “cone of probability” 
were the most common terms used by the newspapers to refer 
to the forecast product. Jardine and Hrudey (1997) suggested 
that people interpret the word “probability” (the chance that 
a given event will occur) incorrectly as “probable” (likely to 
happen), implying that the product label “cone of probabil-
ity” may lead some to conclude that the depicted hurricane 
track forecasts are more certain than they in fact are. NHC 
wisely does not use the term “cone of probability,” prefer-
ring instead “cone of uncertainty.” Other labels generated by 
the media for this forecast product can be expected to lead 
to different misinterpretations on the part of the public; for 
example, the term “cone of error” may be expected to reduce 
confidence in the product (see below), and other observed 
labels like “cone of death” or “cone of terror” may engage the 
emotional processing system and may induce fear or panic, 
rather than analytic evacuation contingency planning.

There is not a sharp separation between experiential 
and analytic processing. Decisions typically integrate both 
types of processing. The role of analytic processes in the 
understanding of hydrometeorological uncertainty and in 
decisions involving such information has, however, often 
been overestimated and the role of experiential processes 
has been ignored (Marx et al., 2006). A better appreciation 
of experiential processing may point the Enterprise toward 
improved risk communication strategies. 

2.2.1.2 Decisions from Personal Experience versus 
Decisions from Description 

Personal experience is a great, albeit painful way to learn. 
The single painful touch of a hot stove produces substantial 
learning. The ability to understand and utilize the cautionary 
tales and anecdotes of others extends the range of personal 
experience. The ability to combine the personal experiences 
of many into statistical summaries or to derive forecasts 
of probabilities from theoretical or statistical models is 
an additional powerful evolutionary accomplishment that 

TABLE 2.1 Two Human Information-Processing Systems
Emotionally Driven  
Experiential System Analytic System

Encodes reality in concrete images, 
metaphors, narratives linked in 
associative networks 

Encodes reality in abstract 
symbols, words, numbers 

- Experiential
- Intuitive
- Vivid
- Affective

- Analytic
- Logical
- Abstract
- Deliberative

SOURCE: Marx et al. (2006).
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 dramatically increases the ability to learn in less costly ways. 
Recent work has compared the two ways of learning about 
the possible outcomes of decisions and actions (Hertwig et 
al., 2004; Weber et al., 2004; Hertwig et al., 2006). Formal 
models of decision making under risk and uncertainty (such 
as statistical decision theory, discussed in Section 2.3) have 
predominantly focused on analytic decision making, even 
though researchers have long been aware that abstract sta-
tistical evidence is typically at a disadvantage when people 
have a choice between it and concrete personal experience. 

Concrete, personal, or vicariously related experience is 
processed by the experiential system and the generated effect 
is an effective motivator of action. More pallid statistical 
information is processed by the analytic system, whose out-
put tends to have less weight in actions or decisions, unless 
decision makers have been trained to pay conscious attention 
to statistical information and its implications. In daily life, 
decision makers often learn about outcomes and their prob-
abilities as a function of their profession or role. Doctors, for 
example, learn about health outcomes of treatment decisions 
in a different way than the public. Consider the decision 
whether to vaccinate a child against diphtheria, tetanus, and 
pertussis (DTaP). Parents who research the side effects of the 
DTaP vaccine on the National Immunization Program Web 
site will find that up to 1 child out of 1,000 will suffer from 
high fever and about 1 child out of 14,000 will suffer from 
seizures as a result of immunization. Although doctors have 
these same statistics at their disposal, they also have access 
to other information not easily available to parents—namely, 
the personal experience, gathered across many patients, that 
vaccination rarely results in side effects. Few doctors have 
encountered one of the unusual cases in which high fever or 
seizures follow vaccination. If the importance assigned to 
rare events differs as a function of how one learns about their 

likelihood, then doctors and patients might well disagree 
about whether vaccination is advised. 

Related to the distinction between analytic and experi-
ential processing is the distinction between decisions made 
from description versus decisions made from experience. An 
example of a description-based decision is a choice between 
two lottery tickets, where each ticket is described by a prob-
ability distribution of possible outcomes (i.e., statistical sum-
mary information). In contrast, when people decide whether 
to back up their computer’s hard drive, cross a busy street, 
or invest in a new water system to irrigate their crops, they 
often do not know the complete range of possible outcomes, 
let alone their probabilities. Instead people typically decide 
based on past personal experience. Research has shown that 
the weight given to small-probability events differs dramati-
cally between the two processing systems (with much greater 
weight given to small-probability events when small prob-
abilities are provided as a statistic than in decisions from 
experience), demonstrating that the way in which informa-
tion is acquired is an important determinant in the outcome 
of decisions that involve small-probability events (Hertwig 
et al., 2004, 2006; Weber et al., 2004). Decisions from 
personal experience put a large premium on recent events. 
By definition, rare events have not occurred very often in 
recent experience and their possible consequences thus get 
discounted more than they should. On those rare occasions 
where the rare event did occur in recent history, people will 
overreact to it, making decisions from experience also more 
volatile than decisions from statistical description. 

These results have important consequences for the man-
agement of small-probability risky events. If people base 
their preparations for a rare event like a tornado or hurricane 
on their past personal experience with such events, they will 
most likely underprepare for them. Marx et al. (2006) discuss 

# OF TIMES PHRASE USED/ TOTAL TIMES A PHRASE IS USED

Cone of 
Uncertainty

44%

Cone of Death
3%

Other Phrase
5%

Cone of Error
10%

Cone of 
Probability

38%

2-3

FIGURE 2.3 Percent time that different phrases were used to describe the cone of uncertainty. SOURCE: Broad et al. (2006).
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ways in which experiential and analytic processes might 
 better be jointly utilized and combined in risk communica-
tions, though research in this area is still in its infancy. 

2.2.1.3 Different Risk Attitudes for Gains and for Losses

The most successful behavioral model of risky decision 
making is prospect theory, first formulated by Kahneman and 
Tversky (1979) and later refined by Tversky and Kahneman 
(1992). The theory deviates from its economic competitor, 
expected utility theory, in a small number of important 
ways. Expected utility theory assumes that people evaluate 
the outcome of a decision in terms of its absolute effect on 
their wealth or well-being. Most applications of expected 
utility theory find people to be risk-averse. Risk aversion is 
a label that describes a concave utility function that predicts 
a decision maker will prefer receiving $10 for certain to a 50 
percent chance of receiving $20. Prospect theory, on the other 
hand, assumes that people evaluate the outcome of a decision 
in a relative fashion (i.e., as a relative gain or relative loss 
from a reference point). The reference point is typically the 
status quo but can also be the outcome the decision maker 
expected to achieve. When expecting a price of $50 per ton 
of wheat, a farmer will experience an obtained price of $45 
not as a gain, but as a relative loss. The reason that the rela-
tive evaluation of an outcome (as a gain or as a loss) matters 
is that people have been shown to be risk-averse primarily 
when they perceive themselves to be in the domain of gains. 
Most people would prefer to be certain of receiving $100, 
rather than taking their chances at a 50:50 gamble of getting 
$200 or nothing. In the domain of losses, on the other hand, 
people tend to be risk-seeking. Most would prefer to take 
their chances at a 50/50 gamble of losing $200 or nothing, 
rather than being certain of losing $100. Risk seeking is a 
label that describes the convex loss part of the utility func-
tion which predicts that a decision maker will prefer a 50/50 
gamble of losing $20 or nothing to losing $10 for sure. In 
addition, losing $20 feels a lot worse than winning $20 feels 
good (Figure 2.4), a widely observed phenomenon that has 
been called loss aversion. The existence of loss aversion 
and of different risk attitudes for perceived gains versus 
perceived losses mean that one can influence which option 
a decision maker selects by modifying the reference point 
used to evaluate the outcomes of the decision. 

2.2.1.4 Numeracy

A challenge to risk communication is the difficulty of 
expressing quantitative risk information in an easily com-
prehensible form. Cognitive limitations cause biases in the 
human ability to interpret numerical probabilities; particu-
larly small probabilities are especially difficult to interpret. 
Under some conditions, people overestimate them, and under 
others, they round down to zero (Tversky and Kahneman, 
1974; Nicholls, 1999). These difficulties in interpreting 

probabilities and other quantitative and analytic information 
are compounded by the limited instruction and training of 
their analytic processing system received by a large pro-
portion of the U.S. population. The “numeracy” scale that 
assesses basic quantitative processing skills and that is used 
extensively in the medical risk communication community 
to assess the quantitative sophistication of users of medical 
risk information has been administered to large samples of 
the U.S. population, with discouraging results (Lipkus et 
al., 2001). Yet, numeracy and the related ability to follow 
printed guidelines on how to interpret graphs (e.g., the cone 
of uncertainty of a hurricane track forecast) are crucial if 
users are to correctly understand and utilize probabilistic 
forecast products that are typically designed for processing 
by the analytic processing system. 

The failure of both end users and even the (presumably 
more sophisticated) media to correctly interpret the cone of 
uncertainty resulted, in the aftermath of Hurricane Charley 
 (Figure 1.6), in such frustrated statements by members of 
NHC as “if anything needs improvement, it is the interpreta-
tion skills of the local weather media” (Broad et al., 2006). 
More important perhaps is the realization that forecast prod-
ucts, provided either to end users or intermediaries, need to 
be designed with full defensive awareness of the limitations 
in numeracy and analytic processing skills that they may 
encounter.

2.2.1.5 Personality Characteristics

Personality characteristics have been shown to influence 
how people make decisions under uncertainty (Hansen et al., 
2004). Self-regulation theory (Higgins, 1999) distinguishes 
between two systems, the promotion and the prevention sys-
tems, with distinct survival functions. The promotion system 
is concerned with obtaining nurturance (e.g., nourishing 
food) and underlies higher-level concerns with accomplish-

FIGURE 2.4 Different risk attitudes for perceived gains and 
losses. Losing $20 feels a lot worse than winning $20 feels good. 
SOURCE: Committee on Estimating and Communicating Uncer-
tainty in Weather and Climate Forecasts. 
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ment and advancement. In contrast, the prevention system is 
concerned with obtaining security and underlies higher-level 
concerns with safety and fulfillment of responsibilities. The 
two systems have been shown to employ qualitatively dis-
tinct means to achieve desired end states. Promotion-focused 
individuals are inclined to utilize “approach means” to 
attain their goals. For instance, a promotion-focused student 
seeking a high exam score might study extra material or 
organize a study group with fellow classmates. Conversely, 
individuals with a prevention focus tend to use “avoidance 
means” to attain their goals. For example, a prevention-
focused student seeking a high exam score (or rather, trying 
to avoid a low exam score) might ensure that they know the 
required material and will avoid distractions prior to the 
exam. Hansen et al. (2004) found that prevention-focused 
farmers were more likely to seek to minimize post-decisional 
regret than promotion-focused farmers. They also remem-
bered a greater number of flooding events and were more 
likely to purchase crop insurance. 

Promotion uses hope to motivate action, whereas preven-
tion uses fear to do the same. Promotion-focused decision 
makers can be expected to pay greater attention to the 
upside of possible outcomes. Prevention-focused decision 
makers, on the other hand, will pay greater attention to the 
downside or worst cases. Many forecast products have the 
potential to either promote opportunity or to prevent loss 
or calamity. Seasonal climate forecasts, for example, allow 
farmers to maximize economic gain by selecting seasonally 
appropriate seed corn. They also allow emergency managers 
to prevent mass starvation in the case of a drought, by plan-
ning the timely purchase of feed corn. The Internet has 
made the customization of information a lot easier. It is not 
inconceivable that future Web users of NWS forecasts could 
first answer two or three simple questions about the purpose 
to which they plan to put the requested forecast, based on 
which they would receive the forecast in an appropriately 
tailored version. 

2. 2. 2 Misinterpretations of Uncertainty and  
Probabilistic Forecasts

There is a danger that users will misinterpret the very 
meaning of the forecast variable and/or the uncertainty 
associated with that variable. Users also have a distinct 
 psychological reaction to the notion of uncertainty in esti-
mates of uncertainty, or ambiguity. 

2.2.2.1 Interpretation of a Weather or Climate Event

Forecast providers may not be aware that the definition 
of the event they are forecasting may not be obvious to the 
users. Following up on an earlier study by Murphy et al. 
(1980), Gigerenzer et al. (2005) asked a small sample of 
respondents in five cities with different degrees of exposure 
to probabilistic forecasts––Amsterdam, Athens, Berlin, 

Milan, and New York—what was meant by the probability of 
precipitation (PoP) forecast of a “30 percent chance of rain 
tomorrow,” in both a free-response and a multiple-choice 
format. Only in New York did a majority of respondents 
supply the standard meteorological interpretation, namely, 
that when the weather conditions are like today, in 3 out of 
10 cases there will be (at least a trace of) rain the next day. 
In each European city, this alternative was judged to be the 
least likely one. The preferred interpretation in Europe was 
that it will rain tomorrow “30 percent of the time,” followed 
by “in 30 percent of the area.” The authors of the study con-
cluded that the forecast providers ought to explicitly specify 
the situation, or reference class, to which the single-event 
probability refers. 

The more general point of this example is that percep-
tions and interpretations of NWS technical staff may not be 
universally shared by members of the public and that the 
heterogeneity in reactions and interpretations might be wider 
than NWS appreciates.

2.2.2.2 Interpretations of Probabilities  
(Words, Numbers, Frequencies)

A common and seemingly simple way of communicat-
ing the uncertainty of an event is by providing a probability 
estimate of its occurrence, as for example the PoP forecast. 
This is also a common format in other areas, for example, the 
communication of health risks, where drug package inserts 
provide information about the probability of a series of side 
effects, conditional on taking the medication.

Concerns about people’s ability to process numerical 
probability information (i.e., their low numeracy levels; 
Section 2.2.2.4) have given rise to the suggestion to replace 
the numeric communication of probability information with 
verbal expressions, which may be less intimidating or tax-
ing to nonspecialist recipients of uncertainty information. 
There are, however, a host of reasons for why this idea may 
not be practical. Wallsten et al. (1986) collected information 
about the numeric equivalents that members of the public 
would assign to common probability words such as “prob-
able,” “possible,” and “unlikely.” The likelihood ranges 
people assign to many common probability words is very 
wide (Figure 2.5), meaning that their use in communicating 
probability levels may not be very precise or diagnostic. 
Furthermore, the numeric interpretation of probability words 
depends on a host of other factors, including the base rate 
of the event that it describes (Wallsten et al., 1986) and 
the severity of the consequences of the event (Weber and 
 Hilton, 1990; Weber, 1994). Thus, people will assign a higher 
numeric interpretation to “good chance” when it describes 
the probability of rain in London rather than rain in Cairo, 
and when it describes the probability of cancer rather than 
a sprained ankle. 

 Similar issues have been raised for the communication of 
climate change uncertainty. For the IPCC’s Third Assessment 
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Report (TAR), Moss and Schneider (2000) assessed several 
means for characterizing climate change uncertainties and 
prepared a guidance paper for use by all TAR authors. Not-
ing the need for a consistent approach, Moss and Schneider 
(2000) proposed not only a general process for assessing 
uncertainties but also several specific tools that could be used 
to communicate them. They decided to deal with the problem 
that words used as descriptors of probability can hold very 
different meanings to different stakeholders, with the recom-
mendation that verbal descriptions of scientific information 
must be calibrated consistently. For the purpose of com-
municating uncertainties in the TAR report, they mandated 
that verbal confidence descriptors—probability expressions 
of a specific type—should be used in accordance with the 
numeric equivalents shown in Table 2.2.

Given the lack of precision of probability words and 
possible confusion in their interpretation, the routine use 
of verbal probability expressions in the communication 
of uncertainty has its dangers. People seem to be aware 
of the ambiguity inherent in the verbal communication of 
uncertainty. When asked whether they preferred to receive 
uncertainty information either verbally or numerically, most 
people preferred the greater precision of the numerical 
 format. When asked about their preference in communicating 
uncertainty information, on the other hand, people preferred 
to provide verbal forecasts, because their greater ambiguity 
made it less likely that they would turn out to be wrong 
(Wallsten et al., 1993). 

Gigerenzer and Hoffrage (1995) showed that many mis-
interpretations of numeric probabilities are improved when 
such information is communicated in the form of a relative 
frequency. Thus, people may not pay sufficient attention to 
the fact that a disease has a base rate of 0.005 of occurring in 
a population, but are much more likely to use this information 
accurately when they are told that it has a 1-in-200 chance of 
occurrence (see also the discussion of frequentist interpreta-
tion of probabilities—Box 1.1). While the use of relative 
frequencies is no panacea (Mellers et al., 2001), it seems to 
be a more effective communication format because it allows 
people to connect probabilistic information to their personal 
experience base, where information is typically stored in the 
form of event counts. In addition, use of relative frequencies 
can help clarify the nature of the target event and reduce the 
possibility of misunderstanding it.

FIGURE 2.5 Range of interpretations of different verbal uncertainty terms. SOURCE: Wallsten et al. (1986). 
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TABLE 2.2 Quantification of Verbal Confidence 
Descriptions in IPCC’s Third Assessment Report 

Verbal Descriptor

Likelihood Ranges

From To

Very High Confidence 0.95 1.00
High Confidence 0.67 0.95
Medium Confidence 0.33 0.67
Low Confidence 0.05 0.33
Very Low Confidence 0.00 0.05

SOURCE: Moss and Schneider (2000).
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Finding: The use of verbal probability expressions does not 
appear to be an effective way to communicate uncertainty 
information to less analytic users, suggesting that better 
ways should be found to communicate such information 
numerically. Errors in the interpretation of numeric prob-
ability information are often reduced when probabilities are 
described in terms of relative frequencies 

Recommendation 2.1: For users who have difficulty 
with numeric probabilities and prefer a less analytic 
approach, forecast uncertainty should be expressed using 
relative frequencies rather than probabilities. 

2.2.2.3 Reactions to Uncertainty in Estimates of Uncertainty

People react in different ways to the different sources 
of uncertainty in forecasts. Decisions whose outcomes areDecisions whose outcomes are 
known only probabilistically are referred to as decisions 
under risk when the likelihood of different events is known 
precisely (e.g., the probability of getting a “head” when toss-
ing a fair coin) and as decisions under uncertainty when the 
likelihoods themselves are uncertain (e.g., the probability 
of precipitation tomorrow). The past half-century has seen 
a lot of theoretical and empirical work that provides further 
distinctions between different types of uncertainty as well as 
sources of uncertainty. Uncertainty about probability has been 
called ambiguity (Ellsberg, 1961) or vagueness (Wallsten, 
1990). Whereas ambiguity is sometimes expressed and 
modeled as second-order uncertainty (uncertainty about the 
degree of uncertainty), Camerer and Weber (1992) endorse 
the more general definition of ambiguity as uncertainty about 
probability, created by missing information that is relevant 
and could be known. 

It has long been known that people are risk-averse; that 
is, they do not like uncertainty and will settle for certainty 
equivalents that are smaller than the expected value of risky 
choice options (Bernoulli, 1738), at least in the domain of 
gains (Section 2.2.1.3). A more recent discovery is the fact 
that people and organizations are also ambiguity-averse 
(Ellsberg, 1961). People prefer to bet on a lottery where they 
know the precise odds of winning over a lottery that has the 
same expected probability of winning, but less well speci-
fied probability levels or more second-order uncertainty. Not 
knowing important information is aversive and makes people 
shy away from making any decision at all in such a situation 
(Heath and Tversky, 1991). Similarly, insurance companies 
are often unwilling to insure ambiguous risks (i.e., new risks 
with no record of losses on which actuarial estimates of the 
probability of a loss can be placed). Just as risk aversion is 
typically mediated by an emotional rather than cognitive 
response, so is ambiguity aversion. Not knowing the precise 
probability level makes us feel uncomfortable, and feelings 
of worry or discomfort translate into avoidance. When other 
factors, such as familiarity with the domain of the decision 
problem reduce the feelings of worry or discomfort, ambigu-

ity aversion disappears or turns into ambiguity seeking. For 
example, when people with expertise in a sport like college 
basketball are given the choice between betting on a risky lot-
tery (i.e., on a lottery with well-specified probability levels) 
or on a college basketball game where the probability of 
winning is more ambiguous, they tend to prefer betting on the 
ambiguous basketball game (Fox and Tversky, 1995). People 
have also been found to react differently to uncertainty from 
different sources. Uncertainty arising from a stochastic envi-
ronment (called aleatory uncertainty) is seen as less aversive 
than uncertainty arising from incomplete and/or unreliable 
observations (called epistemic uncertainty), presumably 
because the latter can be reduced, at least in principle (Heath 
and Tversky, 1991; Wallsten et al., 1997). 

Confidence in a probabilistic forecast is a way of express-
ing second-order uncertainty and often reflects the internal 
or external conflict experienced in making the forecast 
(Weber et al., 2000). While confidence could just be seen 
as an expression of subjective probability, the confidence 
information that people provide about a judgment they made 
tends to reflect their internal conflict in arriving at that judg-
ment rather than to reflect the probability of being correct. 
Forecasters’ Area Forecast Discussions have been reported 
to be one of the most accessed pieces of information on the 
NWS Web site, probably in part because these discussions 
convey forecasters’ confidence and their reasoning behind 
it. Using another example from the climate-change arena, 
Moss and Schneider (2000) in their recommendation for the 
communication of uncertainty in the third assessment report 
of the IPCC, also suggest that level of agreement or consen-
sus (the complement of degree of conflict) is qualitatively 
different from other sources of uncertainty. They propose to 
communicate both sources of uncertainty separately (in this 
case, qualitatively and verbally; Table 2.3), rather than to 
incorporate or compound the two into an overall probability 
level or confidence interval for the target event. Although 
this distinction between two (or more) different contributors 
to forecast uncertainty may not apply to all forecasts, the 
distinction is important both for general users of uncertainty 
information and for forecasters, who may feel some respon-
sibility to reduce uncertainty due to differences in agreement 

TABLE 2.3 Suggestion to Conceptually Separate Level 
of Agreement and Amount of Evidence as Sources of 
Uncertainty

AMOUNT OF EVIDENCE

Low High

LEVEL OF 
AGREEMENT AND/ 
OR CONSENSUS

Low Speculative
Competing 
explanations

High
Established but 
Incomplete

Well established

SOURCE: Moss and Schneider (2000). 
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about forecasts but no responsibility for uncertainty due to 
insufficient evidence.

Finding: Different types and sources of uncertainty in hydro-
meteorological forecasts are processed by the transmitters 
and recipients of uncertainty information in different ways. 

Recommendation 2.2: The Enterprise should signal to 
users the different sources of uncertainty in their proba-
bilistic forecasts and risk communication products. 

2.3 STATISTICAL APPROACHES TO DECISION 
MAKING UNDER UNCERTAINTY 

This section explores objective, statistical approaches to 
decision making under uncertainty as opposed to the psycho-
logical factors covered in the preceding section. In statistical 
decision theory all sources of uncertainty are assessed and 
their impact on a process of interest is quantified so that a 
“best” decision can be made. For decisions that use weather 
or seasonal climate forecasts, the sources of uncertainty 
include not just atmospheric processes but also any other 
processes that influence the consequence of the event. For 
instance, agricultural outcomes may be influenced by uncer-
tainty in the market price of the product, as well as by the 
local weather forecast. These objective approaches provide a 
user with a decision, but in a practical sense individual users 
are not bound by these objectively produced decisions, and 
the psychological factors discussed in Section 2.2 will still 
be in play. A key advantage of analytical approaches such as 
statistical decision theory is that, if properly developed, they 
provide a formal structure for eliciting and integrating all 
information relevant to a particular decision process. Thus, 
the context for the use of hydrometeorological forecasts, as 
well as the sensitivity of the decisions to these forecasts, can 
be made clear.

The following section begins with a brief historical con-
text and then discusses the basic concepts associated with 
statistical decision theory, linking to a series of examples 
that seek to convey some of the issues that emerge in con-
sidering decision making under uncertainty and risk in the 
hydrometeorological context. The section closes by outlining 
findings in the application of statistical decision theory, with 
an eye toward implications for NWS. 

2.3.1 Historical Context

There is a long history of the use of concepts from 
 statistical decision theory12 for the management of risk in 
the agriculture, water, energy, insurance, emergency plan-
ning, and business communities. The hydrometeorological 
community, as a provider of probabilistic information, 
participated in the evolution of this literature as well (e.g., 

12Also known as Bayesian decision analysis.

Thompson and Brier, 1955; Epstein, 1962; Glahn, 1964; 
Murphy, 1976; Katz et al., 1982; Brown et al., 1986; Murphy 
and Ye, 1990; Wilks and Hamill, 1995). 

The statistical decision theory framework has addressed 
both the derivation of “optimal” decisions in the presence 
of uncertainty and the associated value of information (e.g., 
improved forecasts or more data). The literature on statis-
tical decision theory is quite mature with respect to both 
theory and to the development of case studies and examples. 
However, the frequency of applications for real-world deci-
sions varies widely depending on the sector, the setting, and 
the dimension of the problem. Typically, decision-support 
systems that use statistical decision theory are developed 
on a case-by-case basis for a particular application, and 
generalized applications that facilitate their broader use are 
not readily available. Even if generalized applications were 
available, the data requirements and peculiarities of each 
problem might necessitate significant modifications. Where 
decision-support systems are used most routinely, they are 
embedded in either legal guidelines (e.g., federal water 
project design guidelines), are part of a specific corporate 
culture, or are developed as part of a customized software 
package for a production scheduling, inventory management, 
or protective response. 

NOAA/NWS has historically supported decision-sup-
port systems in water resources management (Fread et al., 
1995; Changnon, 2002; Georgakakos and Carpenter, 2005; 
Power et al., 2005). For example, streamflow observations 
and forecasts are considered in the operation of some large 
reservoir facilities that have competing objectives such as 
flood control, hydroelectric power production, ecosystem 
health, recreation, river transportation, and others. Disaster 
management agencies also routinely use flood forecasts. The 
decision-support systems in these cases may use simulation 
models for scenario analysis, or linked simulation and opti-
mization tools. 

2.3.2 Illustration of Seasonal Climate-related  
Use Scenarios 

Analytic processing, of which statistical decision theory 
is a common example, can serve to summarize and focus 
the available information. A starting premise of statistical 
decision theory is that the key elements that characterize 
the decision problem can be and have been identified. This 
entails the identification of

the decision maker’s objectives, formalized by a 
numerical utility function that measures preferences with 
respect to different consequences; 

all actions available to the decision maker;
the possible consequences of these actions; and
the conditional probability distribution of each conse-

quence given each action.
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The conditional probability distribution may be derived 
from models of system dynamics or specified subjectively. 
In addition, it should include consideration of the underlying 
sources of uncertainty, whether they relate to information or 
to model/knowledge attributes. Once these four elements 
have been defined, the expected utility or the average utility 
associated with each action can be computed and the different 
actions can be ranked as to their expected utility given infor-
mation about the current or projected state of the world.

Consider three situations for decision making using 
hydrometeorological information: determinism, uncertainty, 
and ambiguity. Determinism is a situation where the system 
dynamics and the available amounts of each input are known 
(including all model parameters), consequences (outputs) 
can be predicted perfectly, and the utility of each level of 
output is known. The resulting optimization problem is well 
defined and one can mathematically determine the decisions 
that maximize utility. Uncertainty is a situation where one or 
more of the inputs or model parameters are not known with 
certainty but its probability distribution is known precisely. In 
this case, the probability of each outcome must be evaluated, 
and the average expected utility13 is calculated as a function 
of decision choices. The decisions that maximize expected 
utility are considered optimal. Ambiguity exists when the 
probability distributions of interest, in addition to one or 
more of the model parameters, are not known precisely and 
must be estimated (see also Section 2.2.4). In this case, a 
two-step process is used. The probability of each outcome 
for each decision is estimated by considering each possible 
probability distribution of each input, weighted according to 
its probability of occurrence. These probability distributions 
may be estimated objectively or subjectively. Expected utility 
is then computed and maximized. A condition of decision 
making under uncertainty is approached as the precision of 
information about the underlying probability distributions 
(forecasts) increases. Conversely, with less precise infor-
mation as to the underlying probability distributions, the 
 decision maker is exposed to a higher degree of variability in 
potential outcomes and hence in expected utility. 

These three situations (determinism, uncertainty, and 
ambiguity) are demonstrated in the hydrometeorological 
context in Boxes 2.5 through 2.7. The boxes should be read 
sequentially as they build upon one another. The examples 
provide an insight into the kinds of considerations that may 
influence the use or applicability of forecast information. 
They strive to make clear the danger of a forecast agency 
supplying probabilistic forecast information without the sup-
porting guidance that went into the forecast (see Chapters 3 
and 5). 

13This is the hypothesis that the utility of an agent facing uncertainty is 
calculated by considering utility in each possible state and constructing a 
weighted average. The weights are the agent’s estimate of the probability of 
each state. The expected utility is thus an expectation in terms of probability 
theory (see Keeney and Raiffa, 1976).

Often competing goals lead to the need for weather and 
climate forecasts that are compatible across different space 
and time scales. To emphasize this point, Box 2.8 revisits 
the Folsom Dam example (Box 2.3) and highlights the need 
for multiscale consistency in seasonal climate forecasts 
from a user perspective. In addition, this example shows 
that even when the complexity of the decision process 
increases dramatically, formal analysis and quantification of 
forecast probabilities and their uncertainty may be helpful 
to evaluate competing proposals from multiple agencies and 
stakeholders, each of whom may have different utilities and 
catastrophic risk thresholds. 

2.3.3 Statistical Decision Theory in Decision-
Support Systems: Findings on Uses in Relation to 
Hydrometeorological Forecasts 

Decision-support systems based on statistical decision 
theory have an analytic basis, are informed by user needs, 

BOX 2.5
Determinism 

 Many retail goods are sensitive to seasonal factors (e.g., snow-
blowers, seasonal clothing, umbrellas). Consider the example of a 
retailer located in New York purchasing a stock of winter coats. The 
retailer has information on how demand for coats has historically 
varied with the seasonal temperature. He has a fixed budget, and 
plans to stock two types of coats. The first is a fashion brand whose 
demand is relatively insensitive to climate, and the second one is 
a generic brand whose demand is quite responsive to temperature 
early in the season. Any stock left over at the end of the season is 
usually liquidated with a higher markdown on the fashion brand 
than on the generic brand. The storage and hanger space that can 
be devoted to the coats is also limited. 
 The inputs into the retailer’s decision are budget, storage 
space, hanger space, unit costs, selling and liquidation prices 
of each coat, and the equation for the demand for each coat at a 
specified price as a function of seasonal temperature. The deci-
sions are the number of each type of coat to order, and a system 
mechanics model is specified by the demand equations and the 
capacity and budget constraints. The outputs are the numbers of 
each coat sold during the season and the number liquidated at 
the end of the season. The utility is the profit derived from the 
operation as the difference between the total revenue and the total 
cost (when the potential for catastrophic loss can be ignored, and 
when factors other than profit are negligible components of value). 
The decision problem is readily solved mathematically given this 
information, provided all parameters are known precisely and the 
forecast temperature for the season is known perfectly. 
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BOX 2.6 
Uncertainty

 Now consider that the temperature for the upcoming season (as discussed in Box 2.5) is not known with certainty. Rather, its probability distribu-
tion is known quite reliably because the temperature records in New York extend back nearly 200 years (and long-term variations are not considered). 
Since the demand for the fashion brand is not expected to be climate sensitive, the retailer considers his key decision to be the number of utility coats 
to order given the probability distribution of temperature. Since the demand for coats as a function of temperature is known precisely, the number of 
coats sold during the season and the number liquidated at the end of the season for each possible value of temperature can be computed. 
 Given the probability of experiencing each temperature, one can also compute the contribution to the expected utility as the product of the prob-
ability of that temperature and the net profit from the sale of the corresponding number of coats at the regular and liquidation prices. This process is 
repeated for each candidate decision level (i.e., number of coats to buy). In other words, the retailer computes the expected utility through an evaluation 
of the potential profits for each possible temperature weighted by the probability of that temperature. The optimal coat order is the one that maximizes 
expected utility. Consistent with the discussion in the beginning of this chapter, this is a strategy for long-term or static risk management. If the coat 
costs and other market conditions do not change from year to year and the probability distribution of temperature is invariant, then under this criterion 
the retailer would make the same decision each year. The profits realized would vary from year to year but would average to those indicated by his 
optimal solution based on expected utility. Indeed, the success of the plan is predicated on long-term performance and the ability to average over good 
and bad years. 
 The last observation points to an apparent flaw in the approach in that the expected utility approach as presented above does not consider the 
potential of catastrophic loss. Suppose, for instance, that in a given year the temperature is anomalously warm and very few coats are sold, leading 
to a large loss for the retailer. If the loss is large enough, the retailer may not be able to stay in business. If this low-probability event were to occur 
early in the sequence of years, the opportunity to achieve maximum expected utility is lost since the retailer is not in business long enough to average 
across bad and good years. 
 This situation can be addressed in several ways. First, the utility function could be modified to recognize this situation and heavily penalize outcomes 
that translate into the catastrophic failure of the business. This will lead to a different optimal solution for the coat order but may expose the retailer 
to lower average profit and may still lead to catastrophic failure with some probability. The severity of the penalty on catastrophic failure reflects the 
retailer’s risk aversion, which may or may not be easily revealed in practice. Another approach is to add a second decision. This may be a decision to 
purchase index insurance on temperature. The insurance would require a premium and would pay off a known multiple of the premium if the tempera-
ture were to exceed a prescribed value. The decisions now are the number of coats to order and the size of the insurance premium to purchase. Given 
the probability distribution of temperature, the economic information and the new utility function that includes the profits and the insurance payoffs, 
the retailer can now determine the optimal decisions as before by maximizing his expected utility over both choices. This approach decomposes the 
management of catastrophic risk from routine risk and is becoming increasingly popular as a way to manage static risk. 

BOX 2.7
Ambiguity 

 Now consider a final modification of this example in which the retailer uses NWS seasonal temperature forecasts. These forecasts are available as 
tercile probabilities for the region; that is, a probability is attached to each of three possible states of the forecast temperature: above normal, normal, 
or below normal. When the skill of the forecast is not significant, NWS instead releases the long-term probability distribution of temperature (i.e., the 
climatological average distribution) in which there is a 0.33 (33 percent) probability for each temperature tercile category. 
 When considering how he might use these forecasts, the retailer has two related questions. First, should he start using the forecast to modify his 
decision each year instead of using the same decision each year based on the long-term risk analysis using a well-established temperature probability 
distribution? Second, how does he evaluate the decision for the coming year? 
 At first glance the second decision problem seems straightforward. Instead of using the probability of 0.33 for each category to define the long-
term risk, use the published NWS probabilities (e.g., 0.5, 0.3, 0.2) as the characterization of the dynamic temperature risk for the coming season and 
repeat the analysis of maximum expected utility as in Box 2.6 to determine the optimal coat order for the upcoming season. However, in light of the 
discussion in Box 2.6, the retailer is quite concerned with catastrophic failure. Unfortunately, the NWS tercile forecast provides no information on 
low-probability events and cannot address that question. Further, the tercile forecast imposes an arbitrary discretization of the temperature data (i.e., 
above normal, normal, below normal) that may not match the ranges of temperature over which coat demand is most sensitive. 
 In public meetings organized by NWS to publicize its forecast products, the retailer asks for temperature forecasts with higher temperature resolution 
(i.e., more categories, or a fitted probability distribution). An NWS scientist comments that, given the number of ensembles it is able to run, NWS does 

continued
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not believe it can reliably offer information on low-probability events or the full distribution. A private-sector intermediary in the audience mentions 
that she has come up with an algorithm that takes the NWS tercile forecast and can generate a full temperature probability distribution for it. The retailer 
wonders whether it would also be possible to estimate the reliability of the forecast probability distribution. The intermediary answers that she could 
do this if NWS provided estimates of the uncertainty in its forecast tercile probabilities. Indeed, she would like the tercile forecast and its estimated 
uncertainty for each year instead of average climatology in some years and forecasts in others. She says it would be even better if the raw ensemble 
data used to compose tercile forecasts were available for all years for which forecasts were made—including retrospective forecasts (hindcasts). With 
such information she could select the best probability distribution to fit and assess the uncertainty in its parameters. 
 The NWS scientist wonders how the retailer would use this information. Consider its application to the coming season and assume that the forecast 
probability distribution is now available at the desired temperature resolution, and with minimal uncertainty. The analysis in Box 2.6 can now be repeated 
under the new (dynamic) risk setting, and the optimal amount of insurance and coats to buy can be evaluated. The retailer’s insurance provider may of 
course be using the same or other forecast source and could change the premium associated with a particular temperature threshold. Even if the NWS 
probabilistic temperature forecasts have very low uncertainty, the retailer may wish to evaluate whether a long-term strategy of using the historical 
temperature probability distribution (i.e. the static risk management strategy) with a fixed order size (assuming nonchanging economics) is inferior to 
a strategy of using the forecast (dynamic risk management) where the order size could potentially change dramatically from year to year. In addition to 
the variability in annual profits and cash flow, there may be relationships with the supply chain vendors to consider any transaction costs involved in 
changing the order size. 
 To address this question, the retailer could apply both strategies over a number of years and evaluate whether, on average, the long-term use of 
the forecast probabilities and dynamic risk management overcomes the increased transaction costs. Thus, the first assessment the retailer might make 
is whether a dynamic risk management strategy would actually be superior to a static risk management strategy, assuming that the NWS probability 
forecasts accurately capture the probability distribution of temperature on a season-by-season basis. This is the approach implied by various docu-
ments publicized by NWS and other forecast providers who show seasonal climate forecast probability distributions as a “shift” in the climatological or 
historical probability distribution. But this approach still does not address the issue of uncertainty in the estimated forecast probability distribution. 
 The uncertainty in the probability distribution of historical temperature in New York is closely related to the length of record used for its estimation. 
In contrast, the uncertainty in the seasonal forecast may depend on a variety of factors, including the number of ensemble members in each forecast 
model; the number of models whose forecasts are combined; the number of years over which the model results were tested and the model parameters 
recalibrated; and how representative the equations, resolution, and numerical accuracy are for the underlying processes modeled. For the sake of 
illustration, assume that the needed estimate of uncertainty in the probability distribution in the retailer’s decision process is available. The retailer can 
now revisit the problem as described in Box 2.6 in the following way. The uncertainty in forecast probabilities is represented as the probability of the 
parameters taking specific values. For example, consider two forecasts—A and B—where both forecasts have the same average but forecast B has 
higher uncertainty (i.e., it has a higher spread in the tercile probabilities):

 Forecast A:  Published tercile probability forecast is (0.5, 0.3, 0.2)
   Associated uncertainty distribution: 
   A.1 Probability =1/3 that the forecast is (0.5, 0.3, 0.2)
   A.2 Probability =1/3 that the forecast is (0.45, 0.33, 0.22)
   A.3 Probability =1/3 that the forecast is (0.55, 0.27, 0.18)

 Forecast B:  Published tercile probability forecast (0.5, 0.3, 0.2)
  Associated uncertainty distribution: 
   B.1 Probability =1/3 that the forecast is (0.5, 0.3, 0.2)
   B.2 Probability =1/3 that the forecast is (0.4, 0.36, 0.24)
   B.3 Probability =1/3 that the forecast is (0.6, 0.24, 0.16)

 Using this information about the uncertainty in the forecast, the retailer can now reevaluate the decisions that maximize his expected utility. The 
uncertainty distribution for forecast A suggests that there is equal likelihood that the temperature probability distribution could be A.1, A.2, or A.3. The 
retailer could compute the expected utility for a particular number of coats to order using the three category probabilities given for each of A.1, A.2, 
and A.3 and then calculate the overall average expected utility using the estimated probability (1/3) for each forecast. The process would be repeated 
for forecast B. If the utility function is nonlinear, the expected utility from forecast A will not equal the expected utility from forecast B even though the 
published tercile forecasts are the same (i.e., the uncertainty information as to the probabilities matters).
 Since most utility functions are asymmetric and nonlinear (i.e., the unit profit realized from liquidation sales and regular sales is quite different), and 
the uncertainty distribution for the probability forecast is not symmetric (whereas it is symmetric in the example above), the optimal solution consider-
ing uncertainty is usually not the same as when only the risk (i.e., the average or “known” probability distribution as in Box 2.6) is considered. This 
highlights the need for NWS to provide not just the forecast probability distribution but also the background information that allows the uncertainty 
distribution to be computed by each user in the context of their decision problem and its associated utility functions.

BOX 2.7 Continued
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BOX 2.8
Further Analysis of the Folsom Dam Example (Box 2.3): The Need for Multiscale Consistency

 Consider the decisions to be made by stakeholders in Folsom Dam given a rainfall forecast for Folsom Dam for the next three days (January 31 
to February 2) and one for the balance of the wet season from January to May. The outcomes of interest could be (1) whether Sacramento floods, 
(2) whether the reservoir fails to fill by the end of the May and hence there is a deficit in both energy production and water supply, and (3) how much 
revenue is generated by water and energy releases between now and May. 
 The inputs could include the rainfall forecast for the two time periods, the watershed conditions over the next three days and the season so that 
rainfall could be converted to streamflow coming into Folsom Lake, the water and energy demands between January and May, the unit prices of water 
and energy, the relationships between volume of water in the dam and the rate of outflow during flood conditions, the volume and the surface area, and 
the surface area and evaporation among other things. 
 The system dynamics model would convert rainfall over the watershed to inflow into the reservoir, water volume in the reservoir and releases to 
energy and keep track of the mass balance in the reservoir from day to day until May. The decisions to be made are the volume of water to release now 
in advance in anticipation of a flood in the next three days, the amount of water to release for water supply and energy between now and May. The utility 
derived from the outcomes may be given by the revenues generated from water and energy supply, less the damages caused by a flood. Generally, 
additional factors beyond the direct economics of the outcomes may be considered in defining the utility. For instance, there may be specific targets for 
energy production and if these are missed institutional credibility may be at stake. Similarly, there may be a value assigned to ensuring that flooding 
is avoided altogether since a variety of emergency preparedness activities that may result in social and individual costs are then avoided. Other goals 
may pertain to the maintenance of a downstream fishery and ecological habitat through environmental releases from the dam that maintain adequate 
water quantity and quality downstream, and recreation and fisheries benefits that may be derived from keeping the reservoir at certain target levels. 
 Typically, the decision process might require proposals for the modification of system operation by the reservoir operator, an interest group, or 
both followed by the evaluation of each proposal through a long-term simulation of the system mechanics model. Such a modification might be a 
specific formula for advance release that is tied to a weather forecast, or for retaining a prescribed amount of water in storage given current storage 
and a seasonal climate forecast. The evaluation of each proposal would entail assessing each outcome and the expected utility of interest to each 
stakeholder group. As in Boxes 2.5 through 2.7, these assessments would need the historical climate probabilities and the probabilistic weather and 
climate forecasts (and their associated uncertainty distributions). The weather and climate forecasts would need to be compatible in the sense that the 
conditional forecast probability of January through May seasonal rainfall is correct given the three-day forecast. 
 The forecast compatibility issue is critical for successful application of probabilistic forecasts in these complex decision processes. For example, 
the historical data for the American River above Sacramento show that if major floods occur in January, there is a high probability that the subse-
quent wet season will be anomalously dry. This creates a potential double-jeopardy situation for managing the dual objectives of flood control and 
water/energy production using probabilistic forecasts. If the operator lowers the reservoir storage using an advance release in anticipation of a flood 
given the three-day rainfall forecast and the rainfall does not materialize in this period because the storm tracked just north or south of the basin, then 
whether or not the subsequent season is wet or dry becomes critical for meeting the target water demands. The decision to make the advance release 
would be questioned by the other stakeholders. Indeed, the entire advance release proposal could be abandoned if the simulations over a historical 
period demonstrated adverse outcomes by using a probabilistic forecast process in which the three-day and seasonal rainfall forecasts individually or 
collectively led to misinformation.

and are readily updated and a key building block that will 
underpin the systematic use of probabilistic hydrometeoro-
logical forecasts. This section lists eight findings14 on areas 
that could profit from further development of such systems 
and provide NWS with a framework to identify opportuni-
ties for action—in partnership with others in the Enterprise 
as appropriate.

14Expressed as the title of each subsection, and supported by informa-
tion within that subsection. These subsections summarize (and point to) 
experiences discussed earlier in the chapter and/or the experience of the 
committee.

2.3.3.1 A Formal, Analytic Approach Such as  
Statistical Decision Theory Has Value

Section 2.2 established that many cognitive and emotional 
factors are involved in decisions and many decisions do 
not reflect the “rational” outcome of utility maximization. 
However, a formal, statistical decision theory approach still 
has value for several reasons. First, in many situations the 
metrics may be clearly defined, and a corporate structure 
may decree such analyses as part of a systematized risk 
management system. In these cases, a decision maker may 
choose to conform to the decisions indicated by the mandated 
analytic process and reduce the personal risk involved in 

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


UNCERTAINTY IN DECISION MAKING 33

varying from the system. Second, even where the decision 
process is marked by higher complexity as in the Folsom 
Dam example (Boxes 2.3 and 2.8), using an analytic process 
can be useful in making the diverse sources of information, 
their uncertainty, and the potential outcomes tractable for 
cognitive processing, particularly if the process leads to an 
iterative sequence of analysis and discussion. Third, since 
each user’s utility function and risk preferences are differ-
ent, it would be more effective to provide (1) a probability 
forecast, (2) the means to assess the time variation of the 
forecast’s uncertainty distribution, and (3) the historical fore-
cast data and corresponding observations so that the user can 
verify the performance in the context of their utility function. 
The user could then either modify the decision process to 
include a decision on whether to use the forecast system or, 
alternatively, use it at times when the indicated uncertainty 
leads to a superior result. 

2.3.3.2 The Decision Problem Is Typically Cast as a  
Risk Management Problem 

Two types of risk are usually considered: (1) the manage-
ment of the variability of outcomes due to the random nature 
of process inputs and (2) the management of catastrophic 
risk. The decision structures to manage these two types of 
risk are not necessarily the same. 

For weather and climate forecast-related risk manage-
ment, it is important to consider the traditional context of risk 
management that existed in the absence of formal forecasts. 
Where physically or economically feasible, users may seek 
to reduce their exposure to risk in the long run (i.e., static 
risk). The residual dynamic risk may still be managed using 
time-varying forecasts, suggesting the need to examine the 
integrated management of risk across events over multiyear 
time scales. The examples in Boxes 2.5 to 2.8 highlight that 
static risk management is used in many cases and provides 
the context in which available actions and options enabled 
by information as to dynamic risk have to be evaluated. 
At longer time scales, uncertainty about climate change as 
well as uncertainties in physical and socioeconomic factors 
become large and need to be considered as part of a predic-
tive and monitoring strategy in the context of infrastructural, 
financial, or other structural decisions made to reduce expo-
sure to long-term risk. Similarly, event or weather predic-
tions require both monitoring and forecast information to 
be effectively communicated for risk characterization and 
mitigation. Finally, consistency in forecasts across multiple 
time scales (weather to seasonal climate) is often needed for 
dynamic risk management, since many decision problems 
have multiple targets and time lines.

2.3.3.3 Knowing the Level of Uncertainty in the Available 
Information Allows the Decision Maker to Assess the  
Value of Reducing the Uncertainty

There is a cost associated with the generation or acquisi-
tion of information to reduce uncertainties. Nonetheless, 
uncertainty reduction can translate into increased utility for 
a decision maker through a reduction in the variance (and 
bias) of realized utility. Thus, if the uncertainty in a particu-
lar source of information (e.g., a probabilistic forecast) can 
be quantified, the decision maker can evaluate the value of 
additional information in reducing the uncertainty and hence 
of enhancing the aggregate utility or reducing the risk of 
exposure to catastrophe. The value of forecasts and the asso-
ciated uncertainty reduction will vary by user since utilities 
of outcomes vary by user. In the absence of information about 
decision consequences and their utilities, a formal quantifica-
tion of the value of the forecast is not possible. 

2.3.3.4 Expected Utility Frameworks Require the Ability to 
Spread Risk Exposure

The idea of expected utility (and its variants) implies 
that the user is able to average their exposure to risk in 
some way, either over time with repeated applications of a 
forecast or over different operations (e.g., multiple stores, 
across unrelated assets and operations, or by insuring a wide 
variety of users who have uncorrelated risk factors). If this 
is not possible, for instance for a homeowner in the event of 
an impending hurricane, then the framework is not easy to 
apply, and the utility of the probabilistic forecast information 
may be difficult to assess for the homeowner. However, since 
emergency managers average over the potential outcomes for 
many homeowners, they could use such a framework with 
probabilistic content, provided that the necessary informa-
tion on potential consequences was also available. Indeed, 
this is one reason why many users may first seek to manage 
long-term or static risk (e.g., through hurricane insurance in 
this case) and then manage the residual dynamic risk. The 
 situation is complicated by the presence of multiple actors 
with varied goals and potentially incommensurate utilities 
and roles in the decision and implementation process. This 
also suggests that NWS cooperation with “large users,” who 
are capable of averaging risk across enterprises, locations, 
and time, would be beneficial for the development of 
 decision-support systems that can use probabilistic forecasts 
and readily demonstrate economic and social value from such 
use. These sectors include water supply, flood and drought 
hazard management, energy production and management, 
insurance, environmental regulation and management, 
transportation, aviation and the travel industry, retail and 
seasonal goods manufacturing, and construction industries. 
Collectively, these sectors are a significant contributor to the 
national economy. 
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2.3.3.5 Outcomes Depend on Many Factors in Addition to 
the Hydrometeorological Conditions

Even if the uncertainty in hydrometeorological forecasts 
is low, the value of such forecasts may also be low if another 
factor critical to the decision is highly uncertain. A variety 
of factors will introduce a variety of uncertainties, and not 
all of these uncertainties will be objectively quantifiable. 
Consequently, all analyses are conditional upon the vagaries 
of specific choices of uncertainty quantification, be they 
objective or subjective. 

2.3.3.6 Decision Support Has Value at All Scales of User 

Decision-support systems can be valuable for situations 
where the scale of the user or the application is very small15 
or very large and complex.16 Although the production of cus-
tomized decision-support systems is necessary, either some 
potential users may be unable to pay to develop or support 
such systems, or this development may require commitments 
by many partners to fund and maintain. In the latter case, 
and given the multiple users and goals in such a coalition 
of partners, additional processing of the information may be 
needed to reveal the outcomes, their differential utilities, and 
the dependence of these outcomes on intermediate variables 
and various sources of uncertainty in the analysis. 

In the context of applying probabilistic hydrometeo-
rological forecasts into decision-support systems, retail, 
tourism, travel, agricultural supply chain management, 
 insurance, and energy are obvious areas of application. 
Customized decision-support systems are used for risk 
management in industries in each of these areas, as are 
 private-sector-generated hydrometeorological forecasts with 
associated uncertainty information.

The specialized users most likely to adopt decision-
 support frameworks, and the intermediaries that work with 
them, are likely to require more detailed information than is 
currently provided by NWS hydrometeorological forecast 
products—both in terms of spatial and temporal detail and 
in terms of the resolution of the probability distributions 
and their uncertainty. Other public-sector agencies (e.g., the 
Federal Emergency Management Agency) would need to 
support such an effort by developing databases on conse-
quences (e.g., assets at risk, costs of relocation, costs of false 
alert) and committing to the use of the hydrometeorological 
forecast information with a decision-support system. This 
mismatch could be reduced if action is taken on the recom-
mendations in Chapters 3 and 5.

15For example, an individual farmer, for whom managing catastrophe 
may be as important as income, and who may have limited resources for 
information acquisition or evaluating outcomes.

16For example, for water systems, disaster planning and relief, or public 
health.

2.3.3.7 There Has Been Limited Penetration of  
Probabilistic Information to User Communities  
Through Decision-Support Systems

Despite the likely benefits of the use of probabilistic, 
hydrometeorologically influenced decision-support systems, 
such systems have achieved limited penetration into user 
communities. Reasons for this may include the following:

a lack of awareness of products that could be available 
and how to acquire them;

the limited format of the forecasts that are issued, 
including the lack of information as to the uncertainties 
associated with extreme (catastrophic) events, and to the 
multiple time scales of interest to the decision maker;

the perception of poor skill in forecasts, or the inability 
to verify the uncertainty (ambiguity) in the forecasts and 
assess it relative to a baseline;

an inability to access historical error/verification infor-
mation or estimated forecast uncertainty;

an assessment that the uncertainty associated with the 
forecasts is not low enough to justify their use over using 
climatological probabilities;

a formal assessment that the sensitivity of the deci-
sions to weather/seasonal climate is too low to use the 
information;

an assessment that transaction costs or organizational 
factors outweigh the benefits of managing dynamic risk 
using forecasts versus maintaining a steady operational 
policy; and

an assessment that the measures taken to reduce long-
term climate-related risk have effectively eliminated the need 
to use routine forecasts (and if so, perhaps there is interest in 
extreme forecast for event management).

In addition to developing a greater understanding of the 
relative importance of these factors in limiting the use of prob-
abilistic hydrometeorological forecasts in decision-support 
systems, the Enterprise will be better positioned to generate 
and communicate uncertainty information that meets users’ 
needs through such tools if NWS and its partners explore

whether the spatial or temporal resolution of the 
products leads to a mismatch with NWS products, and if the 
users have access to intermediaries who can provide bridg-
ing products;

whether there are vendors who can provide decision-
support systems that integrate access to and analysis of 
NWS products and that satisfy user needs for bundling such 
products; and

whether users perceive potential financial gains through 
reduced insurance costs or other ways if they implement 
decision-support systems that promote adaptive short- and 
long-term management of routine and catastrophic hydrome-
teorological risk.
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2.3.3.8 Public Agencies Tend Not to Consider 
Hydrometeorological Uncertainty in Their Models  
Despite Most Environmental Risk Management  
Being Inherently Multiscale

Public agencies involved in environmental, water, and 
energy resource management have a variety of modeling and 
information management tools that use climate information. 
For example, USACE, Bureau of Reclamation, Depart-
ments of Energy and Agriculture, Environmental Protection 
Agency, Forest Service, and Geological Survey all have 
freely available models that have climate as a primary driver. 
For the most part, these models have been developed as simu-
lation tools with the intention of managing long-term climate 
risk. Consequently, their management applications relate to 
infrastructure sizing and design for mitigating long-term 
risk, planning, regulatory and operation rule evaluation and 
formulation, and assessment of impacts of specific practices 
on environmental attributes. Some of these models have 
explicit probabilistic inputs and outputs, whereas others are 
simulation models whose outputs and inputs could be treated 
as probabilistic. Most have very limited, if any consider-
ation of probabilistic hydrometeorological forecasts, given 
that their legacy goes back to the 1950s or 1960s in some 
cases. In what represents a fundamental shift in manage-
ment thinking and an opportunity for stronger links between 
forecast producers and manager-users of forecasts, however, 
the USACE, the main policy-establishing agency for water 
resources management through large reservoir facilities in 
the United States, will now consider reservoir operations 
based on forecasts.17

Almost all of these agencies recognize the need for char-
acterizing and managing uncertainty as part of their mission. 
However, often due to legal strictures and sometimes due to 
inertia, there is limited consideration of factors other than 
long-term risk because it matches a regulatory purpose. 
Nonetheless, most environmental risk management problems 
are inherently multiscale (both temporally and spatially). 
While most of these agencies have operational responsibili-
ties to ensure long-term performance, they are also respon-
sible for responding to events or operational exigencies 
that result from the residual dynamic risk. If NWS seeks 
to enhance applications of its probabilistic products within 
the public sector, launching joint initiatives to consider a 
comprehensive approach to environmental risk management 
driven by probabilistic hydrometeorological products and 
also by changing landscape and social settings would be 
an important goal. The second point of NWS engagement 
with the other federal agencies could be to participate with 
them in addressing one or two high-profile environmental 
or agricultural projects where probabilistic seasonal fore-
casts could have a significant impact. This would provide a 
concrete example of multiagency proactive efforts to bring 

17Beth Faber, Presentation to the Committee, September 2005.

science forward to address emerging problems. It would also 
bring engagement from the academic and other communities 
interested in tackling complex decision problems through 
innovation in the decision sciences. In addition, NWS would 
learn more about what probabilistic products to provide. 

In general, as NWS moves forward in its interaction with 
and support of users of sophisticated decision-support sys-
tems, it will need to be cognizant that the use of new forecasts 
in old decision-support systems tailored for deterministic 
forecasts may actually degrade the system performance (e.g., 
Yao and Georgakakos, 2001), unless the underlying decision 
rules are also modified to account for the uncertainty infor-
mation and updated. 

2.4 GUIDANCE ON IDENTIFYING AND 
CHARACTERIZING USER NEEDS

This section provides general guidance on how to identify 
and characterize user needs. It builds on material from the 
preceding two sections that describes how decision makers 
interpret and use uncertain information. The complexity of 
this task—with a large number of interacting factors influ-
encing the effectiveness of different communication formats 
and their use in forecast-related decisions—puts any precise 
specification of user needs far beyond the ability of a single 
committee. (The private sector, for example, spends millions 
of dollars each year on customer research.) Instead, the com-
mittee recommends a process by which NWS can develop an 
effective system of provider-user interactions that will lead 
to identification of user needs and the design and testing of 
effective probabilistic forecast formats. 

2.4.1 Problems with Existing Assessments of User Needs

As mentioned previously, NHC collected user data about 
their cone of uncertainty format of hurricane track forecasts 
in the aftermath of Hurricane Charley. It requested public 
comments on the original graphic and two new alterna-
tives on its Web site and asked respondents to vote for 
their preferred graphic from among the three options. This 
was not a representative survey of the general population. 
Because it was conducted online, participation was strongly 
biased toward those with Internet access and, perhaps more 
importantly, a preexisting interest in NHC and its Web site. 
The call for comments was advertised by issuing a Public 
Information Statement to the media, emergency managers, 
the private sector, and on the Tropical Prediction Center 
Web site. Thus, the survey was based entirely on individuals 
self-motivated to take the survey. This almost certainly pro-
duced a highly skewed sample. In addition, no demographic 
information was collected, making it impossible to determine 
the representativeness of the sample on even demographic 
characteristics. These are problems that could have been eas-
ily avoided had NWS consulted expertise on survey design 
and sampling. 
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Another problem with the NWS survey is its choice of 
metric by which the appropriateness of a forecast format is 
being evaluated. Asking people for their preference among 
alternative displays, especially when one of them is the well-
publicized status quo alternative, turns out to be a bad choice. 
The fact that the majority of respondents (540 out of 962; see 
Table 2.4) indicated that they preferred the status quo option 
is not surprising to behavioral scientists. 

There are at least two well-established psychological 
mechanisms that would give rise to this result. The first is the 
effect of familiarity, and in particular the emotional comfort 
derived from familiarity, which has been shown to lead to 
irrational perceptions of lower risk in the context of financial 
investment decisions that lie at the root of such problem-
atic investment behavior as insufficient diversification 
 (Huberman, 2001; Weber et al., 2005). Another mechanism 
is loss aversion (i.e., the fact that people’s disutility when 
giving things up is greater than their utility when acquiring 
the same things) and the status quo bias it has been demon-
strated to lead to (Samuelson and Zeckhauser, 1988; Johnson 
and Goldstein, 2003). Anecdotal evidence for the operation 
of the familiarity and status quo bias comes from the open-
ended responses to the NHC question: “Those of us that have 
lived in the path of these storms are familiar with, and used 
to, the way you have been clearly warning us and informing 
us. Please do not let a few people, who may not have been 
paying attention, cause you to change your system unless you 
believe . . . know . . . that you have a better system.” 

2.4.2 One Size Does Not Fit All

The population of NWS forecast product users is diverse. 
One cannot talk to just a subset of users and assume knowl-
edge gained accurately represents the range of user needs. 
Even within a class of user (e.g., “emergency manager,” 
“public”), there is a lot of diversity in capacity, constraints, 
and information needs and desires. A specific user’s needs 
may also change across situations (e.g., emergency managers 
may need different information about future rainfall when 
there has recently been flooding than when it has been dry, 
and they may need different information during the day than 

at night). Furthermore, the situation is also not static: users’ 
needs evolve as their decision context, level of knowledge, 
or information capabilities change. So one size certainly does 
not fit all, and even well-characterized user needs will need to 
be revisited. This suggests that understanding user needs is a 
large and evolving task, but one that is critical to successful 
provision of uncertainty information for the nation’s benefit. 
Fortunately, entities within the private sector and academia 
have experience in characterizing user needs and would be 
valuable partners in this Enterprise-wide endeavor. 

Information about the wide variety of user needs for 
uncertainty information is also available in previous NRC 
reports, which find that the value or usefulness of forecast 
uncertainty information depends on users’ capacity to take 
action to help them change, or at least cope with, the future. 
For example, NRC noted in A Vision for the National Weather 
Service: Road Map for the Future (1999b) that the Enter-
prise must think less about information “in terms of what 
it is about” and more in terms of “how it will be used.” In 
Making Climate Forecasts Matter (1999c), NRC also noted 
the importance of user informational needs, situational fac-
tors (e.g., social, economic, environmental), and coping 
strategies. For instance, does a user have alternatives or 
contingency plans that can be implemented? In other words, 
it is important not simply to provide uncertainty informa-
tion, but to communicate uncertainty information in a way 
that can actually help users solve a problem or improve their 
situation. 

It is tempting to think that one way of dealing with hetero-
geneous user needs is to provide everyone with all available 
information, with the assumption that unnecessary informa-
tion will simply be ignored. Unfortunately this is not a viable 
strategy. Unnecessary information can delay or complicate 
action, with great costs in situations of time pressure and 
high stakes. Such information can also be misinterpreted, 
as in the case of the “skinny black middle line” in the cone 
of uncertainty (Figure 1.6). When people misunderstand the 
information, they tend to make worse decisions. Finally, too 
much information packed into a graphic is often confusing 
(Tufte, 2001) and poorly designed or produced visuals are 
worse than no visual at all (Hager and Scheiber, 1997). There 
is a difference between the provision of too much informa-
tion to users and the generation of information that could be 
provided to users. The potential availability of a wide range 
of different forecast information helps to ensure that the best 
information for a particular user group is available.

Finding: The utility of a forecast has many user-specific 
and contextual constraints. Consequently, it is valuable to 
approach questions of forecast utility in a structured manner. 
Basic principles of relevance will need to be applied, such 
as disclosure of all the information available, disclosure of 
sources, and truthfulness in reporting. In the spirit of open-
ness, transparency, and disclosure, it will also be useful to 
consider ways to make multiple forms of presentation avail-

TABLE 2.4 Preferences of Respondents as Determined by 
NHC Reviewers 
Preference Number of Respondents

Option 1 540
Option 2 121
Option 3 201
No preference  33
Cannot determine  67
Total 962

SOURCE: Broad et al. (2006).
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able to all, and to accompany them with a menu of recom-
mendations for use by different user groups and situations.

Recommendation 2.3: The utility of any forecast uncer-
tainty product should be evaluated within the individual, 
social, and institutional contexts of the recipient. What to 
include and not include should in part be a function of the 
intended user and their ability to handle different sorts 
of information. Those developing risk communication 
products should consider a set of basic questions: 

Who, specifically, are your intended users? Are they 
other scientists and meteorologists? The public? Particularly 
vulnerable populations? Particular economic sectors? Local, 
state, or national officials? Each user may need a specifically 
tailored product.

What information does the user want? This may be 
quite different from the information currently provided. Not 
giving the user the information they want can be dangerous. 
If people do not find the information they are looking for 
in a graph or in some risk communication, they might mis-
interpret other information for what they are looking for. 

What information do the users need to make informed 
decisions, whether they realize it or not? Do they really, for 
example, need to understand the uncertainty in hurricane 
track forecasts? Is this more important than other information 
(e.g., projected wind speeds, storm surge, flooding risks)?

Does the information provide enough detail for its 
intended users to assess their risk exposure and plan action 
(Fischhoff, 1994)? In the case of hurricanes, for example, 
some individuals and areas are more vulnerable to storm 
surge (e.g., coastlines), others to wind speed (e.g., trailer 
parks), while others are more vulnerable to the loss of elec-
tricity (e.g., elderly who rely on refrigerated medication). 
Merely knowing the likelihood that a hurricane might strike 
a particular area does not provide the more specific informa-
tion people need to consider when assessing the risks and 
choosing a course of action.

What other information is the intended user currently 
using to make decisions? Will the new product provide 
something new and useful, will it simply repeat other infor-
mation, or worse, will it provide distracting or contradictory 
information and lead to more confusion and flawed decision 
making?

Does the intended user operate decision-support tools 
based on statistical decision theory and need detailed infor-
mation on the uncertainties associated with probabilistic 
forecasts? Mechanisms may be needed for providing this 
information, either through ensembles and historical verifica-
tion information, or through a Bayesian estimation process 
that properly considers the multiple sources of uncertainty 
in the forecast and generates an appropriate uncertainty 
distribution.

2.4.3 Engaging the Social and  
Behavioral Sciences

The discussions in the preceding sections indicate that 
social and behavioral science expertise is needed at several 
levels and for several tasks within NOAA. Although it may be 
possible to outsource many of these tasks and/or to commis-
sion the research18 and testing of products necessary for the 
design of successful probabilistic forecast products, it may be 
less expensive and more effective (in terms of organizational 
emphasis and carry-over from task to task and product to 
product) to also acquire in-house social and behavioral sci-
ence expertise. This would be beneficial not only to NOAA 
but to the behavioral decision community as well. Decision 
making under hydrometeorological uncertainty is an area 
where theory and empirical insights have obvious and imme-
diate implications, and it is quite surprising that there has not 
been more work in this area of application compared to, for 
example, medical decision making.

Finding: Social and behavioral science expertise will help 
NOAA identify and solve possible user confusions and 
misinterpretations of both existing and future (probabilistic) 
forecasting products. These scientists would also support 
better processes in the design and evaluation of forecasts. 

Recommendation 2.4: NOAA should acquire social and 
behavioral science expertise including psychologists 
trained in human cognition and human factors, with 
training in behavioral decision theory, statistical decision 
theory, survey design and sampling, and communica-
tion theory, with special focus on graphics and product 
development. 

SUMMARY

This chapter provides guidance on how to identify and 
characterize needs for uncertainty information among vari-
ous users of forecasts. To do so, it first discusses the different 
types of forecast users and general user needs for uncertainty 
information, along with several examples of specific users’ 
needs. Because users’ information needs derive largely from 
their use of that information in decision making, the chapter 
then reviews how decision makers interpret and use uncertain 
information, from two related perspectives. The descriptive 
perspective of psychology provides insights about the cog-
nitive and affective processes involved when people make 
intuitive decisions that involve uncertainty. The prescriptive 
perspective of statistical decision theory provides insights 
into how uncertain information is used in analytic decision-
making processes, and it supports the explicit incorporation 
of uncertain information into decisions through decision-

18Through provision of internships for pre- or postdoctoral students and 
PhD dissertation fellowships, for example.
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support systems. This review of background knowledge is 
provided both to help NWS and the Enterprise understand 
key relevant concepts in decision making under uncertainty 
and to support recommendations on how to identify and char-
acterize users’ needs for uncertainty information. The final 
section of the chapter discusses how NWS and the Enterprise 
might apply this knowledge to better understand users’ needs 
for uncertainty information.

The psychological perspective indicates that there is a 
variety of ways in which people use prior personal experi-
ence, available forecasts, and other sources of information 
to decide on an appropriate action in a given situation. How 
people make decisions depends on their abilities, training, 
and personality, the question to be answered, and the infor-
mation available. This complexity makes it clear that NWS 
cannot provide a single forecast product that would satisfy 
all users. Instead, the committee recommends designing 
a variety of methods to present and distribute uncertainty 

information, as a function of type of users and type of deci-
sions. Determining which presentation formats best provide 
different users with the information they need will require 
effective, frequent NWS-user-Enterprise interactions and a 
sustained, coherent social and behavioral science research 
effort. The prescriptive perspective provides a framework 
for NWS and the broader Enterprise to identify users and 
application areas that are most likely to benefit from uncer-
tainty information.

The detailed recommendations in this chapter (along with 
those in Chapter 4) point NWS and the broader Enterprise 
toward a process that will help them generate precise ques-
tions about various users’ needs for uncertainty information 
and reliable and valid answers. If implemented, this process 
will help NWS address users’ needs for uncertainty informa-
tion into the future as users’ needs, forecasting capabilities, 
and technologies evolve.
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3

Estimating and Validating Uncertainty 

To address the almost unbounded variety of possible uses 
of uncertainty information in hydrometeorological forecasts 
(see, e.g., Box 3.1 and Section 2.1), it is essential for NWS to 
transition to an infrastructure that produces, calibrates, veri-
fies, and archives uncertainty information for all parameters 
of interest over a wide range of temporal and spatial scales. 
This chapter focuses on the limitations of current methods 
for estimating and validating forecast uncertainty and 
 recommends improvements and new approaches. The com-
mittee takes the view that these changes are a fundamental 
first step in transitioning from a deterministic approach to 
one that enables all users to ultimately harness uncertainty 
information.

By no means exhaustive, this chapter reviews aspects of 
the current state of NWS operational probabilistic forecast-
ing, discusses related efforts in the research community, 
and provides recommendations for improving the produc-
tion of objective1 uncertainty information. The chapter also 
discusses subjective approaches to producing uncertainty 
information that are utilized by human forecasters.

Many groups within NWS generate forecasts and guid-
ance. Those included in this chapter are the Environmental 
Modeling Center (EMC), the Climate Prediction Center 
(CPC), the Office of Hydrologic Development (OHD), the 
Hydrometeorological Prediction Center (HPC), the Weather 
Forecast Offices (WFOs), the Storm Prediction Center (SPC) 
and the Space Environment Center (SEC). This sample was 
chosen because it demonstrates the range of NWS products 
and also places particular emphasis on the NWS’s numerical 

1Subjective estimates are based directly on the judgment of human 
experts. In this report, the term “objective probabilistic forecast” is used 
to mean estimates of stable frequencies derived using statistical theory, 
measurements, and model forecasts. The committee’s use of the term 
 “objective probability forecast” should not be confused with the common 
usage of the term “objective probability” to refer to true, underlying physical 
propensity.

“engines,” that is, the centers from which NWS forecast 
guidance is generated. 

The forecasting system components (Table 3.1) of each 
of the NWS centers covered in this chapter are broadly 
equivalent in function, but the differences in underlying 
physical challenges and operational constraints require that 
each entity be treated differently. The chapter begins with 
the EMC and discusses the production of global and regional 
objective probabilistic guidance. It then covers the CPC’s 
seasonal forecasts that include numerical, statistical, and 
subjective approaches to probabilistic forecast generation. 
The multiple space- and time-scale forecasts of the OHD 
are covered next, and the hydrologist’s unique role as both 
user and producer of NWS forecast products is highlighted. 
The subjective generation of forecasts by groups like the 
WFOs, the HPC, and the SPC is covered, and the chapter 
ends with a detailed discussion of verification issues. The 
SEC is presented as an example of an NWS center that makes 
the quantification and validation of uncertainty central to its 
operations. The SEC is an example of what can be accom-
plished within NWS once uncertainty is viewed as being 
central to the forecasting process (Box 3.2).

3.1 ENVIRONMENTAL MODELING CENTER:  
GLOBAL AND MESOSCALE GUIDANCE

The EMC2 is one of the National Centers for Envi-
ronmental Prediction (NCEP3) and is responsible for the 
nation’s weather data assimilation and numerical weather 
and climate prediction. The primary weather-related goals 
of the EMC include the production of global and mesoscale 
atmospheric analyses through data assimilation, the produc-
tion of model forecasts through high-resolution control runs 
and lower-resolution ensemble runs, model development 
through improved numerics and physics parameterizations, 

2http://www.emc.ncep.noaa.gov/.
3http://www.ncep.noaa.gov/.
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TABLE 3.1 Forecasting System Components
Component Description

Observations Observations are the basis of verification and are critical to the data assimilation process. Observations in conjunction with 
historical forecasts provide a basis for forecast post-processing (e.g., Model Output Statistics, or MOS) and associated 
uncertainty estimates.

Data assimilation Data assimilation blends observation and model information to provide the initial conditions from which forecast models 
are launched. Data assimilation can also provide the uncertainty distribution associated with the initial conditions.

Historical forecast guidance An archive of historical model forecasts combined with an associated archive of verifying observations enables useful 
post-processing of current forecasts. 

Current forecast guidance Model forecasts are used by human forecasters as guidance for official NWS forecasts.

Models Models range from first-principle to empirical. Knowledge of the model being used and its limitations helps drive model 
development and model assessment.

Model development Models are constantly updated and improved, driven by computational and scientific capabilities and, ultimately, the 
choice of verification measures. 

Ensemble forecasting system A collection of initial conditions, and sometimes variations in models and/or model physics, that are propagated forward 
by a model. The resulting collection of forecasts provides information about forecast uncertainty. Ensemble forecasting 
systems are developing into the primary means of forecast uncertainty production.

Forecast post-processing Forecast post-processing projects forecasts from model space into observation space. Given a long record of historical 
forecasts and associated verifying observations it is possible to make the forecasts more valuable for a disparate set 
of forecast users. Post-processing can be cast in a probabilistic form, naturally providing quantitative uncertainty 
information. Examples of post-processing include bias correction, MOS, and Gaussian mixture model approaches like 
Bayesian model averaging (BMA).

Forecast verification Forecast verification is the means by which the quality of forecasts is assessed. Verification provides information to users 
regarding the quality of the forecasts to aid in their understanding and application of the forecasts in decision making. 
In addition, verification provides base-level uncertainty information. Verification also drives the development of the 
entire forecasting system. Choices made in model development, observing system design, data assimilation, etc., are all 
predicated on a specified set of norms expressed through model verification choices. 

and model verification to assess performance. This section 
focuses on the global weather modeling component of the 
Global Climate and Weather Modeling Branch (GMB4) and 
on the mesoscale weather modeling component of the Meso-
scale Modeling Branch (MMB5) of EMC. 

4http://www.emc.ncep.noaa.gov/gmb/.
5http://www.emc.ncep.noaa.gov/mmb/indexMMB.shtml.

3.1.1 Ensemble Forecasting Systems

Ensemble forecasting systems form the heart of EMC’s 
efforts to provide probabilistic forecast information.6 The 
aim of ensemble forecasting is to generate a collection of 
forecasts based on varying initial conditions and model 

6http://wwwt.emc.ncep.noaa.gov/gmb/ens/index.html and http://wwwt.
emc.ncep.noaa.gov/mmb/SREF/SREF.html.

BOX 3.1
Wide Breadth and Depth of User Needs

 User needs for hydrometeorological information span a wide variety of parameters and time and spatial scales. For instance, minimum daily 
temperature is important for citrus farming but has little relevance for water conservation, where seasonal total streamflow is of primary importance. 
In addition, requirements for uncertainty information are not always well defined among users. Even in the cases where they are well defined, they can 
vary greatly among users and even for a single user who has multiple objectives. The citrus farmer may require local bias information for a 10-day 
temperature projection, and at the same time require probability information for a winter-season temperature and precipitation projection. The manager 
of a large multiobjective reservoir facility may require ensemble inflow forecast information with a seasonal (or longer) time horizon for flood and 
drought mitigation but with hourly resolution for hydroelectric power production. 
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BOX 3.2 
Space Environment Center

 The Space Environment Center (SEC)a monitors and forecasts Earth’s space environment. It is an example of an NWS center that successfully 
engages its users, works with users to enhance existing products and develop new products, and conscientiously estimates and includes uncertainty 
and verification information with its forecasts.
 The SEC has created a culture and infrastructure that provides quantitative uncertainty information, real-time and historical verification information, 
and comprehensive product descriptions. Examples of official SEC forecast products that explicitly provide uncertainty information include Geomagnetic 
Activity Probability forecasts, whole disk flare probabilities, and explicit error bars on graphical and text forecasts of sunspot number. Uncertainty and 
verification information are explicitly available both for model (or guidance) forecasts and for official forecasts. For example, guidance forecasts from 
the Costello Geomagnetic Activity Index model include both error bars and an indication of recent model performance by plotting a time series of recent 
forecasts along with their verifying observations (e.g., Figure 3.1). The SEC has a Web site for communicating the verification statistics of its official 
(human-produced) forecast products.b On this site the geomagnetic index and short-term warning products are verified using contingency tables (hit 
rate, false alarm rate, etc.), and the geomagnetic probability forecasts are verified using measures like ranked probability score (and are compared with 
scores from climatology), reliability, and resolution.

FIGURE 3.1 Model forecast (symbol and bar) and verification (solid line) of the Kp geomagnetic activity index. Note the error bars on the Kp forecast. Historical verification 
information is available through the associated Web site. SOURCE: SEC Web site, http://www.sec.noaa.gov/index.html.SOURCE: SEC Web site, http://www.sec.noaa.gov/index.html.

3-1
fixed image

continued
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BOX 3.2 Continued

specifications that attempts to sample from the uncertainty 
in both. This collection of forecast states contains infor-
mation about the uncertainty associated with the forecast. 
Global ensemble forecasting has been run operationally at 
NCEP since 1993 (Toth and Kalnay, 1993), and mesoscale 

ensemble forecasting, also known as short-range ensemble 
forecasting (SREF), has run operationally since 2001 (Du et 
al., 2003). Global ensemble forecasts currently consist of 15 
ensemble members whereas SREF consists of 21 (McQueen 
et al., 2005).

 The SEC appreciates the importance of providing archives of both observations and forecasts to best serve their users. The observations utilized by The SEC appreciates the importance of providing archives of both observations and forecasts to best serve their users. The observations utilized byThe SEC appreciates the importance of providing archives of both observations and forecasts to best serve their users. The observations utilized by 
the SEC are listed and described on the SEC Data and Products Web site.c In addition, links are provided to the most recent observations and archived 
measurements. Historical observations are archived by the SEC itself, by the Advance Composition Explorer (ACE) Science Center,d and the National 
Geophysical Data Center (NGDCe). The SEC Web site provides links to all the relevant archives. A short archive of forecasts and model guidance is 
available on the SEC Data and Products Web site, and all forecasts are archived at the NGDC. 
 The SEC is a new member of NWS. Prior to January 2005, it was under the National Oceanic and Atmospheric Administration (NOAA) office of 
Oceanic and Atmospheric Research (OAR). It is a small center with a relatively small number of products and verifying observations. This facilitates 
interaction among different groups within the SEC and close contact with forecast users. While under OAR the SEC forged strong links with the research 
community, and its products were directly driven by their user community rather than indirectly through NWS directives. Since joining NWS it has 
maintained this culture and recognizes the benefits derived from close interaction with the university and user communities.f The SEC is lightly regulated 
by NWS directives,g allowing continuity of its OAR culture. Admittedly, the number of variables forecast by and the diversity of user groups served by 
the SEC are much smaller than for other NWS centers, making it easier to provide uncertainty and verification information and to forge links with the 
user community. Concomitantly, the SEC is much smaller than other NWS centers, suggesting that their success in engaging the user community is 
more cultural than resource based.
 Each year the SEC hosts a “Space Weather Week” meeting that draws internationally from the academic, user, and private communities.h The bulk 
of the meeting takes place in a single room with approximately 300 participants, leading to strong interactions between the academic, government, 
private, and user communities. The user community consists of organizations ranging from power companies, airlines, the National Aeronautics and 
Space Administration (NASA), and private satellite operators. The SEC uses the meeting to identify the needs and concerns of its users and to moni-
tor and influence the efforts of the research community. The SEC values the meeting to such an extent that it has maintained it even while sustaining 
significant budget cuts.
 Other examples of links with the extended space weather community are found in SEC’s model development efforts. All the operational models 
currently utilized by SEC are empirically based; the community does not yet fully understand the relevant physics, and there is not enough of the right 
type of data to drive physics-based models. SEC’s model development is routed through the Rapid Prototyping Center (RPCi). The aim of the RPC is 
to “expedite testing and transitioning of new models and data into operational use” and encompasses modeling efforts ranging from simple empirical 
methods to large-scale numerical modeling. In addition to SEC’s internal efforts, the multiagency Community Coordinated Modeling Center (CCMCj) 
encompasses over a dozen physics-based research models. Complementing CCMC’s government agency-driven approach is the University-centric 
Center for Integrated Space Weather Modeling (CISMk). CISM aims to develop physics-based models from the Sun to Earth’s atmosphere. The SEC 
expects to incorporate physics-based models into its operational suite in the coming years and anticipates making full use of data assimilation and 
ensemble forecasting approaches to improve the forecast products (Kent Doggett, personal communication).

a See http://www.sec.noaa.gov/index.html.  
b http://www.sec.noaa.gov/forecast_verification/index.html. 
c http://www.sec.noaa.gove/Data/index.html. 
d http://www.srl.caltech.edu/ACE/ASC. 
e http://www.ngdc.noaa.gov/stp/stp.html. 
f Kent Doggett, presentation to the committee. 
g http://www.weather.gov/directives/010/010.htm. 
h http://www.sec.noaa.gov/sww/. 
i http://www.sec.noaa.gov/rpc/. 
j http://ccmc.gsfc.nasa.gov/. 
k http://www.bu.edu/cism/index.html.
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FIGURE 3.2 “Spaghetti” diagrams with contours of the 1024-mb sea-level pressure contour of 11 ensemble members (see legend for a 
 description of the different colors) for (a) the ensemble of initial conditions and (b) after running the model 7.5 days into the future. SOURCE:SOURCE: 
EMC, http://wwwt.emc.ncep.noaa.gov/gmb/ens/fcsts/ensframe.html.
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3-2b
fixed image
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Many products are derived from the ensemble forecasts. 
Figure 3.2 shows an example of a GMB ensemble product 
(the MMB produces a similar product). These so-called 
 spaghetti diagrams plot contours from all ensemble members 
in a single figure. The degree of difference between the fore-

cast contours provides information about the level of uncer-
tainty associated with the forecast of each parameter (e.g., 
sea-level pressure). Figure 3.3 shows an example of an MMB 
product—a meteogram that provides information about five 
weather parameters at a single location as a function of time. 
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FIGURE 3.3 Example of an experimental SREF ensemble meteogram for Boston. The red curves trace temperature (at 2 meters above 
the surface) for each ensemble member as forecast time increases, the green curves provide information about dew point temperatures at 
2 meters above the surface, the orange curves are precipitation, the purple curves are wind direction, and the yellow curves are wind speed. 
SOURCE: EMC, http://wwwt.emc.ncep.noaa.gov/mmb/srefmeteograms/sref.html.

3-3
fixed image

This product is experimental and uncalibrated, but provides 
information about the uncertainty associated with each 
parameter from the spread of lines within each panel. Both 
GMB and MMB provide links from their ensemble Web page 
to many other methods of visualizing and communicating the 
information contained in their ensemble forecasts.

Mesoscale ensemble systems are also being run in the 
university environment. For example, a mesoscale ensemble 
system with 36- and 12-km grid spacing has been run at the 
University of Washington since 1999. The academic com-
munity is studying variants of the ensemble Kalman filter 
(EnKF) approach (Evensen, 1994), including the University 
of Washington implementation of a real-time EnKF data 
assimilation (Box 3.3) and ensemble forecasting system for 
the Pacific Northwest.7 The National Center for Atmospheric 
Research (NCAR) hosts a Data Assimilation Research 
 Testbed8 which enables researchers to use state-of-the-
 science EnKF data assimilation with their model of choice. 
The testbed also enables observationalists to explore the 

7http://www.atmos.washington.edu/~enkf/.
8http://www.image.ucar.edu/DAReS/DART/.

impact of possible new observations on model performance 
and allows data assimilation developers to test new ideas in 
a controlled setting.

Selection of initial conditions for ensemble forecasting is 
critically important. The GMB and MMB both use a “bred 
vector” approach to generate initial ensemble members. This 
approach relies on model dynamics to identify directions 
that have experienced error growth in the recent past (see 
Box 3.4). The primary benefits of the breeding methodology 
are that it provides an estimate of analysis uncertainty (Toth 
and Kalnay, 1993) and that it is computationally inexpensive. 
Recognizing the intimate links between data assimilation and 
the specification of initial ensemble members, the research 
community has taken a lead in developing ensemble-based 
approaches to data assimilation and ensemble construction 
using the EnKF approach (e.g., Torn and Hakim, 2005; 
Zhang et al., 2006). The GMB has recently implemented 
an “ensemble transform” ensemble generation technique 
that utilizes an approximation to the ensemble transform 
 Kalman filter ideas of Wang and Bishop (2005). The EMC 
is also experimenting with ensemble-based data assimila-
tion through its involvement in THORPEX (Box 3.5), 
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BOX 3.3
Data Assimilation

 Numerical Weather Prediction (NWP) is primarily an initial condition problem, and data assimilation (DA) is the process by which initial conditions 
are produced. DA is the blending of observation information and model information, taking into account their respective uncertainty, to produce an 
improved estimate of the state called the analysis. DA is also capable of providing uncertainty estimates associated with the analysis, which, in addi-
tion to quantifying the uncertainty associated with the initial state estimate, can be used to help construct initial ensembles for ensemble forecasting 
efforts.
 Numerous forms of data assimilation exist, and they can be broadly classified as either local in time or distributed in time. Distributed-in-time 
approaches use trajectories of observations rather than single snapshots. Within each classification one can choose to take a variation approach to 
solving the problem or a linear algebra, direct-solve approach. Local-in-time techniques include the Kalman Filter, three-dimensional variational 
assimilation (3d-Var), the various versions of EnKFs, and ensemble-based perturbed observation versions of 3d-Var. Distributed-in-time techniques 
include the Kalman smoother, four-dimensional variational assimilation (4d-Var), the various versions of ensemble Kalman smoothers, and ensemble-
based perturbed observation versions of 4d-Var. In the operational context, the NCEP Spectral Statistical Interpolation (SSI) uses a 3d-Var approach 
and the European Centre for Medium-range Weather Forecasts (ECMWF) and the Canadian Meteorological Centre (CMC) use 4d-Var.
 Data assimilation requires estimates of uncertainty associated with short-term (typically 6-hr) model forecasts, and the uncertainty associated with 
these forecasts is expected to change as a function of the state of the atmosphere. The computational costs associated with the operational DA problem 
can make estimation of the time-varying forecast uncertainty prohibitively expensive, but the benefits of doing so are likely to be felt both in the quality 
of the analysis and in the quality of the uncertainty associated with the analysis. This uncertainty can then be used to help in the construction of initial 
ensemble members, ultimately improving ensemble forecasts. There is thus an intimate link between the DA problem and the ensemble forecasting 
problem.
  The ensemble approach to DA is one way to incorporate time-varying uncertainty information. The CMC now runs an experimental EnKF data 
assimilation system that compares favorably with 4d-Var,a demonstrating that accounting for time-varying uncertainty information is possible in the 
operational setting. The move by the EMC to the Gridpoint Statistical Interpolation system will, among other things, enable the inclusion of time-varying 
forecast uncertainty information in the DA process. Work funded by NOAA’s THe Observing system Research and Predictability Experiment (THORPEX) 
initiativeb is exploring both ensemble-based filtering and hybrid ensemble/3d-Var approaches aimed at the operational DA problem.

a http://www.emc.ncep.noaa.gov/gmb/ens/THROPEX/PI-workshop/houtekamer-talk.pdf.
b http://www.emc.ncep.noaa.gov/gmb/ens/THORPEX/THORPEX-grants.html.

with planned prototype testing and a tentative operational 
transition date of 2009 if the approaches prove useful.9 Other 
operational centers use different approaches to ensemble 
construction (see Box 3.4). 

Finding: A number of methods for generating initial 
ensembles are being explored in the research and operational 
communities. In addition, ensemble-based data assimila-
tion approaches are proving beneficial, especially at the 
mesoscale.

Recommendation 3.1: As the GMB and the MMB of the 
EMC continue to develop their ensemble forecasting sys-
tems, they should evaluate the full range of approaches 
to the generation of initial ensembles and apply the 

9http://wwwt.emc.ncep.noaa.gov/gmb/ens/THORPEX/PI-shop-2006.
html.

most beneficial approach. The EMC should focus on 
exploring the utility of ensemble-based data assimila-
tion approaches (and extensions) to couple ensemble 
generation and data assimilation at both the global and 
the mesoscale levels. 

3.1.2 Accounting for Model Error in Ensemble Forecasting

A limitation of any ensemble construction methodology 
based on a single model is the difficulty in accounting 
for model inadequacy. This is related to the problem of 
 ambiguity in Chapter 2—the notion of the uncertainty in the 
estimate of the uncertainty. One approach that attempts to 
account for model inadequacy during ensemble forecasting is 
to use different models and/or different parameterizations in 
the same model. This approach is theoretically underpinned 
by an extensive literature on Bayesian statistical approaches 
to explicitly considering multiple models/parameterizations 
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BOX 3.4
Ensemble Forecasting and Ensemble Initial Conditions

Background
 The aim of ensemble forecasting is to provide uncertainty information about the future state of the atmosphere. Rather than running models once 
from a single initial condition, a collection of initial conditions are specified and the model is run forward a number of times. The range of results 
produced by the collection (ensemble) of forecasts provides information about the confidence in the forecast.
 There are two important conditions that must be met for the ensemble of forecast values to be interpreted as a random draw from the “correct” 
forecast probability density function (PDF): (1) the ensemble of initial conditions must be a random draw from the “correct” initial-condition PDF, and 
(2) the forecast model must be perfect. In practice these conditions are never met, but a probabilistically “incorrect” ensemble forecast is not necessarily 
useless; with a sensible initial ensemble and appropriate post-processing efforts and verification information, useful information can be extracted from 
imperfect ensemble forecasts.

NCEP Ensembles
 The GMB utilizes the so-called bred vector approach to ensemble construction (Toth and Kalnay, 1993). Ensemble perturbations are “bred” by 
recording the evolution of perturbed and unperturbed model integrations. Every breeding period (typically 6 model hours), the vector between a 6-hour 
high-resolution control forecast and each 6-hour forecast ensemble member is identified. The magnitude of the perturbation vector is reduced and 
its orientation is rotated via a component-wise comparison between the perturbation vector and an observation “mask” which is meant to reflect the 
spatial distribution of observations; components in data-rich areas are shrunk by a larger factor than those in data-sparse regions. Data assimilation is 
performed on the 6-hour high-resolution control forecast, and each of the rescaled and rotated ensemble perturbations is added to the new analysis. 
The structure of initial-condition uncertainty is defined by the data assimilation scheme. Because the bred-vector approach only crudely accounts 
for the impact of data assimilation through the use of the observation mask the initial ensemble draws from an incorrect initial distribution. However, 
utilizing the model dynamics to “breed” perturbations still provides useful information.
 In addition to using the bred-vector method to generate perturbations in the model initial conditions, the regional ensemble system of the MMB 
(the SREF) attempts to account for model inadequacy by utilizing a number of different models and a number of different sub-gridscale parameteriza-
tions within models. The global ensemble system is also moving toward a multimodel ensemble approach through its involvement with the THORPEX 
Interactive Grand Global Ensemble (TIGGE), and the North American Ensemble Forecasting System (NAEFS).

ECMWF Ensembles
 The ECMWF has a different ensemble construction philosophy. They utilize a “singular vector” approach to ensemble construction where they attempt 
to identify the directions with respect to the control initial condition that will experience the most error growth over a specified forecast period. These 
very special directions are clearly not random draws from an initial condition PDF,a but they are dynamically important directions that will generate a 
significant amount of forecast ensemble spread and have been shown to provide useful forecast uncertainty information.

CMC Ensembles
 The CMC takes a third approach. They utilize an EnKF for their operational ensemble construction scheme (Houtekamer and Mitchell, 1998). 
Ensemble filters utilize short-term ensemble forecasts to define the uncertainty associated with the model first guess. The product of the data assimila-
tion update is not a single estimate of the state of the system but rather an ensemble of estimates of the state that describe the expected error in the 
estimate. The EnKF naturally provides an ensemble of initial conditions that are a random sample from what the data assimilation system believes is 
the distribution of initial uncertainty. The CMC uses a multimodel approach to the EnKF where different ensemble members have different model con-
figurations. This allows for partial consideration of model inadequacy in the EnKF framework. Model inadequacy in the context of ensemble forecasting 
is discussed in Section 3.1.2.

a Even if the forecast model is perfect and one could provide the correct initial-time norm for singular vector calculations, the resulting directions would parameterize an 
initial-time Gaussian PDF rather than be a random draw.
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BOX 3.5 
THORPEX—A World Weather Research Programa

 THORPEX is a part of the World Meteorological Organization (WMO) World Weather Research Programme (WWRP). It is an international research 
and development collaboration among academic institutions, operational forecast centers, and users of forecast products to accelerate improvements 
in the accuracy of 1-day to 2-week high-impact weather forecasts for the benefit of society, the economy, and the environment, and to effectively com-
municate these products to end users.b Research topics include global-to-regional influences on the evolution and predictability of weather systems; 
global observing system design and demonstration; targeting and assimilation of observations; and societal, economic, and environmental benefits 
of improved forecasts. 
 A major THORPEX goal is the development of a future global interactive, multimodel ensemble forecast system that would generate numerical 
probabilistic products that are available to all WMO members. These products include weather warnings that can be readily used in decision-support 
tools. The relevance of THORPEX to this report is primarily through its linkage of weather forecasts, the economy, and society. Social science research 
is an integral component of the THORPEX science plan.c For example, THORPEX Societal/Economic Applications research will (1) define and identify 
high-impact weather forecasts, (2) assess the impact of improved forecast systems, (3) develop advanced forecast verification measures, (4) estimate 
the cost and benefits of improved forecast systems, and (5) contribute to the development of user-specific products. This research is conducted through 
a collaboration among forecast providers (operational forecast centers and private-sector forecast offices) and forecast users (energy producers and 
distributors, transportation industries, agriculture producers, emergency management agencies and health care providers). 
 THORPEX also forms part of the motivation for the GMB of the EMC to implement multimodel ensemble forecasting, sophisticated post-processing 
techniques, and comprehensive archiving of probabilistic output. The goals of TIGGE ared

 • enhanced international collaboration between operational centers and universities on the development of ensemble prediction;
 • development of new methods of combining ensembles of predictions from different sources and of correcting for systematic errors;
 • increased understanding of the contribution of observation, initial, and model uncertainties to forecast error;
 • increased understanding of the feasibility of an operational interactive ensemble system that responds dynamically to changing uncertainty and 
exploits new technology for grid computing and high-speed data transfer;
 • evaluation of the elements required of a TIGGE Prediction Centre to produce ensemble-based predictions of high-impact weather, wherever it 
occurs, on all predictable time ranges; and
 • development of a prototype future Global Interactive Forecasting System.

 NOAA is an active participant and has funded a range of THORPEX-related external research on observing systems, data assimilation, predictability, 
socioeconomic applications, and crosscutting efforts.e

 http://www.wmo.int/thorpex/. 
b http://www.wmo.int/thorpex/mission.html. 
c http://www.wmo.int/thorpex/pdf/CD_ROM_international_science_plan_v3.pdf. 
d http://www.wmo.int/thorpex/pdf/tigge_summary.pdf. 
e http://www.emc.ncep.noaa.gov/gmb/ens/THORPEX/THORPEX_brief.ppt.

(e.g., Draper, 1995; Chatfield, 1995). The GMB does not 
account for this type of uncertainty but is addressing it in part 
through its participation in TIGGE (Box 3.5) and the NAEFS 
with Canada and Mexico (which will be extended to include 
the Japan Meteorological Agency, UK Meteorological 
Office, and the Navy’s operational forecasting efforts). 
The NAEFS will facilitate the real-time dissemination of 
ensemble forecasts from each of the participating countries 
in a common format. Research is under way among NWS 
and its international partners to provide coordinated bias-
 correction, calibration, and verification statistics.

On the mesoscale, the MMB ensemble system uses mul-
tiple models and varied physics configurations.10 In such 
multimodel ensemble forecasting efforts it is important to 
account for differences in (1) methods of numerically solving 
the governing dynamics and (2) physical parameterizations. 
Within the 21 NWS SREF ensemble members there is some 

10 Of the 21 ensemble members, 10 use the Eta model, 5 use the Regional 
Spectral Model, 3 use the Weather Research and Forecasting (WRF) 
 Nonhydrostatic Mesoscale Model core, and 3 use the WRF Advanced 
Research core.
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diversity in model physics, with particular emphasis given 
to varying convective parameterizations. A number of major 
sources of uncertainty still need to be explored, including 
variations in surface properties and uncertainties in the 
boundary-layer parameterizations.

An alternative approach to generating ensemble initial 
conditions that takes information about model differences 
into account is the use of initial conditions (and boundary 
conditions in the case of mesoscale models) from a variety 
of operational centers. Grimit and Mass (2002) demonstrated 
the utility of this approach in the mesoscale modeling context 
and Richardson (2001) explored it in the global modeling 
context. Richardson found that for their chosen means of 
verification, a significant portion of the value of multimodel 
ensemble forecasts was recovered by using a single model to 
integrate the initial conditions from the collection of avail-
able models. Model error can also be accounted for stochasti-
cally. Such an approach is in operational use at ECMWF and 
is being explored by EMC.

Finding: There is a range of approaches to help account for 
model inadequacy in ensemble forecasting. So far, NCEP 
has explored varying physics parameterizations, multimodel 
initial conditions, and stochastic methods.

Recommendation 3.2: The NCEP should complete a com-
prehensive evaluation to determine the value of multiple 
dynamical cores and models, in comparison to other 
methods, as sources of useful diversity in the ensemble 
simulations.

3.1.3 Model Development

The MMB SREF approach uses an ensemble system with 
32-km grid spacing and the output available on 40-km grids. 
Such a resolution is inadequate to resolve most important 
mesoscale features, such as orographic precipitation, diurnal 
circulations, and convection, and greatly lags the resolution 
used in deterministic mesoscale prediction models (generally 
12 km or less). An inability to resolve these key mesoscale 
features will limit the utility of the ensemble forecasting sys-
tem. Although post-processing (Section 3.1.5) can be applied 
to the SREF system in an effort to downscale model forecasts 
to higher resolution, comparisons between the University 
of Washington SREF system (run at 12-km resolution) and 
MOS have shown that even without post-processing the 
SREF system was superior in predicting the probability of 
precipitation (E. P. Grimit, personal communication). In 
addition, Stensrud and Yussouf (2003) demonstrated the 
value of an SREF system in comparison to nested grid model 
MOS in a NOAA pilot project on temperature and air qual-
ity forecasting in New England. Generically, SREF systems 
have the ability to be adaptive to flow-dependent errors to a 
greater degree than MOS, as MOS depends on a long training 

period (typically 2 years). SREF systems can easily accom-
modate rapidly developing forecasting systems. 

Moving the NCEP SREF system to higher spatial resolu-
tion will require substantial computer resources, but the near-
perfect parallelization of ensemble prediction makes possible 
highly efficient use of the large number of processors avail-
able to NCEP operations.

Finding: The spatial resolution of the MMB SREF ensemble 
system is too coarse to resolve important mesoscale features 
(see also Chapter 5, recommendation 4). Moving to a finer 
resolution is computationally more expensive, but necessary 
to simulate key mesoscale features. 

Recommendation 3.3: The NCEP should (a) reprioritize 
or acquire additional computing resources so that 
the SREF system can be run at greater resolution or 
(b) rethink current resource use by applying smaller 
domains for the ensemble system or by releasing time on 
the deterministic runs by using smaller nested domains.

3.1.4 Archiving Observations and Forecasts

To provide maximum value, a forecasting system must 
make available all the information necessary for interested 
parties to post-process and verify ensemble forecasts of 
variables and/or diagnostics. Required information includes 
an archive of historical analyses (initial conditions), histori-
cal forecasts, and all the associated verifying observations. 
Historical model information is available in four forms: 
archived analyses, reanalyses, archived forecasts, and 
reforecasts. The archived analyses and forecasts reflect the 
state of the forecast system at the time of their generation; 
data assimilation methodologies, observations, and models 
change with time. The reanalyses and reforecasts attempt to 
apply the current state of the science retroactively. Archived 
analyses, reanalyses, archived forecasts, and a wide range of 
observations with records of various lengths are archived and 
searchable at the National Climatic Data Center (NCDC11). 
Within NCDC is the NOAA National Operational Model 
Archive and Distribution System (NOMADS12), which 
provides links to an archive of global and regional model 
output and forecast-relevant observations in consistent and 
documented formats. 

NOMADS provides the observation and restart files 
 necessary to run the operational data assimilation system 
(SSI). NWS does not produce a reforecast product, but 
reforecasts are available from the NOAA Earth System 
Research Laboratory (ESRL13). The model used is crude by 
current standards, but the long history of ensemble forecasts 
permits calibration that renders long-lead probabilistic fore-

11http://www.ncdc.noaa.gov.
12http://nomads.ncdc.noaa.gov/nomads.php.
13http://www.cdc.noaa.gov/people/jeffrey.s.whitaker/refcst/.
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casts superior to those produced operationally. The reforecast 
product has numerous applications (Hamill et al., 2006) and 
is most useful when the model used to produce the reforecast 
dataset is the same model that is used for the production of 
operational guidance. 

Finding: An easily accessible observation and forecast 
archive is a crucial part of all post-processing or verification 
of forecasts (see also Chapter 5, recommendation 6). 

Recommendation 3.4: The NOAA NOMADS should 
be maintained and extended to include (a) long-term 
archives of the global and regional ensemble forecast-
ing systems at their native resolution, and (b) reforecast 
datasets to facilitate post-processing. 

Finding: Reforecast data provide the information needed 
to post-process forecasts in the context of many different 
applications (e.g., MOS, hydrology, seasonal forecasts). 
NWS provides only limited reforecast information for some 
models and time periods. In addition, post-processing sys-
tems need to change each time the numerical model changes. 
To facilitate adaptation of applications and understanding of 
forecast performance, reforecast information is needed for 
all models and lead times whenever a significant change is 
made to an operational model.

Recommendation 3.5: NCEP, in collaboration with 
appropriate NOAA offices, should identify the length 
of reforecast products necessary for time scales and 
forecasts of interest and produce a reforecast product 
each time significant changes are made to a modeling/
forecasting system.

3.1.5 Post-processing

It is difficult to overemphasize the importance of post-
processing for the production of useful forecast guidance 
information. The aim of post-processing (Box 3.6) is to 
project model predictions into elements and variables that 
are meaningful for the real world, including variables not 
provided by the modeling system. Common examples of 
post-processing include bias correction, downscaling, and 
interpolation to an observation station. Post-processing 
methods specifically for ensemble forecasts also exist. 

NWS does little post-processing of its ensemble forecasts 
to provide reliable (calibrated) and sharp probability distri-
butions (see also Chapter 5, recommendation 5). NWS’s 
Meteorological Development Laboratory (MDL) provides 
post-processed, operational guidance products through their 
MOS14 (Box 3.7), with several of them providing probabi-
listic guidance. MOS finds relationships between numerical 
forecasts and verifying observations and is applied to output 

14http://www.nws.noaa.gov/mdl/synop/.

BOX 3.6
Post-processing

  Post-processing of model output has been a part of the fore-
casting process at least as long as the MOS (Box 3.7) approach 
has been used to produce forecast guidance. Post-processing 
has become a critical component of the interpretation and use of 
predictions based on ensemble forecasts. Post-processing makes 
it possible for meaningful and calibrated probabilistic forecasts to 
be derived from deterministic forecasts or from ensembles.
 Post-processing of models projects forecasts from model 
space into observation space and produces improved forecasts of 
the weather element of interest. Post-processing has a role across 
a spectrum of applications, including the calibration of ensemble 
predictions of specific prognostic variables; the interpretation of 
sets of upper-air prognostic variables in terms of a surface weather 
variable; and the combination of ensemble-based distribution 
functions. Post-processing can be cast in a probabilistic form 
and thus naturally provides quantitative uncertainty information. 
Examples of post-processing methods include bias corrections 
based on regression, MOS interpretation of upper air prognostic 
variables, and Gaussian mixture model approaches like BMA 
(Raftery et al., 2005) to combine probability distributions. Verifica-
tion is an important aspect of post-processing, since the choice 
of post-processing depends on how the forecast is optimized (see 
Section 3.4). Post-processing is a necessary step toward produc-
ing final guidance forecasts based on model forecast output.

from both global and mesoscale models. MOS can often 
remove a significant portion of the long-term average bias 
of model predictions and can provide some information on 
local or regime effects not properly considered by the model. 
The MOS flagship products are minimum and maximum 
temperature along with probability of precipitation (PoP; 
e.g., Figure 3.4), but it is also applied to variables like wind 
speed and direction, severe weather probabilities, sky cover 
and ceiling information, conditional visibility probabilities, 
and probability of precipitation type. Online verification 
statistics are available for maximum temperature, minimum 
temperature, and PoP as a function of geographical region, 
forecast lead time, and numerical model.15

The probabilistic MOS products are based on determinis-
tic forecasts. An experimental ensemble MOS product exists, 
but because climatology is included as a MOS predictor all 
ensemble MOS forecasts tend to converge to the same answer 
for longer forecasts. The implied uncertainty decreases 
rather than increases at the longest lead times. There are 

15http://www.nws.noaa.gov/mdl/verify.
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FIGURE 3.4 Example of probabilistic forecast of precipitation amount based on MOS applied to the Global Forecasting System model 
output. SOURCE: NWS.

BOX 3.7
Model Output Statistics

 MOS is a technique used to objectively interpret numerical model output and produce site-specific guidance.a MOS was developed in the late 
1960s as the original form of post-processing (Box 3.6) and was designed to improve forecasts of surface weather variables based on the output from 
deterministic NWP models. 
 To develop the MOS equations, statistical methods are used to relate predictors (i.e., NWP output variables) to observations of a weather element. 
Typically, MOS equations are based on multiple linear regression techniques (Neter et al., 1996). Each MOS equation is relevant for a single predictand, 
region, model, projection, and season, and the equations are applied at individual locations to produce NWS guidance forecasts. Single regression 
equations can be used directly to produce probability forecasts for binary events. For probability forecasts of elements with multiple categories (e.g., 
precipitation amount), the multiple probabilities are typically derived using a procedure called “Regression Estimation of Event Probabilities” in which 
the predictand space is subdivided and separate regression equations are developed and applied to each subcategory. This procedure approximates a 
forecast of a probability distribution. More information about these methods and processes can be found in Wilks (2006).
 PoP is the most recognizable official probabilistic forecast produced by MOS, but MOS probability forecasts are produced for a number of other 
variables (e.g., precipitation amount, ceiling) and these probabilities are used to identify the most likely category, which is subsequently provided in the 
official forecasts. These underlying probabilities are available graphically at the MOS Web site. Currently, MDL is developing gridded MOS forecasts 
that can be used by forecasters as guidance for preparing forecasts for the National Digital Forecast Database. 

a http://www.nws.noaa.gov/mdl/synop/products.shtml.
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other means of ensemble post-processing. For example, the 
ESRL reforecasting product can produce ensemble analogs, 
whereas the BMA approach of Raftery et al. (2005) attempts 
to fit and combine Gaussian distributions to output from 
multimodel ensemble forecasts. The EMOS procedure of 
Gneiting et al. (2005) also combines multimodel ensemble 
forecast information but with the additional constraint that 
the post-processed PDF be a Gaussian.

NWS is considering a National Digital Guidance Data-
base (NDGD) to support the National Digital Forecast 
Database (NDFD; Zoltan Toth, personal communication). 
In much the same way as the NDFD can be interrogated 
by users to provide deterministic forecast information, the 
NDGD could be interrogated to provide probabilistic fore-
cast information. NWS intends to provide a database of raw 
and post-processed guidance for this purpose. The plans for 
the initial post-processed product are to provide gridded 
probability thresholds for near-surface weather variables 
produced from bias-corrected NAEFS ensembles. The EMC 
also plans to implement a post-processing procedure for 
the ensemble spread. Ultimately, the NDGD would include 
information from both the global and the mesoscale model-
ing systems.

Finding: A database such as the NDGD would provide a 
wealth of information for the NWS forecaster and academic 
researcher and provide a basis for significant added value 
by the private sector, catalyzing economic activity. In addi-
tion, there is a strong complementarity between NDGD and 
NOMADS.

Recommendation 3.6: Efforts on the proposed NDGD 
should be accelerated and coordinated with those on the 
NOAA NOMADS (recommendation 3.4). 

3.1.6 The Enterprise as a Resource

Scientists in GMB and MMB are aware of the issues 
raised in this chapter and are eager to continue their devel-
opment of the forecast guidance system in an increasingly 
probabilistic manner. Indeed, there are several internal 
documents that make similar recommendations.16,17 NWS 
scientists are making strides with their ensemble guidance 
products and are performing internal research in multimodel 
ensemble forecasting and the probabilistic post-processing 
of ensemble guidance.

Funding and personnel are always limiting factors, but a 
huge resource exists in the form of the Enterprise external 
to NWS, particularly the academic community. There are 
examples of successful academia partnerships at NWS, 

16See http://www.nws.noaa.gov/ost/ifps_sst/pdf_docs/SOO_DOH_IFP-
SWhitepaperImplementation-Aug22_final.pdf. 

17See http://www.nws.noaa.gov/ost/ifps_sst/pdf_docs/Final_Whitepaper.
pdf.

including at GMB and MMB, but wider-reaching, more 
formalized partnerships are needed. 

Without frequent and close interaction with NCEP, it is 
difficult for academics to appreciate the constraints of an 
operational setting. For example, outside researchers cannot 
anticipate the potential difficulty of implementing a seem-
ingly trivial change because they do not have a working 
knowledge of the relevant software systems and how they 
interact. In addition, after implementing each new idea a 
series of experiments need to be run to assess the impact of 
the change. These experiments are expensive, and there are 
far more ideas than available computer time. 

Beyond the partnership of NCEP with external research 
entities, and given the great variety of potential users and 
uses, it will be necessary to involve users in designing the 
form and content of forecast products and intermediaries in 
developing useful products and decision-support systems. 
The interaction of forecasters and emergency managers, for 
instance, could establish norms of communication, provid-
ing forecasters with the opportunity to understand better the 
objectives of emergency management and their temporal 
and spatial determinants and providing emergency managers 
with information on what is feasible in terms of forecast 
uncertainty descriptors from operational forecast systems.  

The transition of NWS (and the entire Enterprise) to 
uncertainty-centric prediction will require advances in 
forecasting and communication technologies that demand 
the close cooperation of the research, operational, and user 
communities. An approach to fostering such cooperation is 
through testbeds. Testbeds provide laboratories for evaluating 
new prediction and dissemination approaches in a pseudo-
operational setting before they are used on a national scale, 
bringing expertise and experience outside of national centers 
to bear on key problems. Testbeds have been shown to be an 
effective approach to promoting closer cooperation between 
academic, government, and private sectors of the Enterprise, 
while enhancing communication with users.

Testbeds have been developed in a variety of forms. In 
California, a Hydrometeorological Testbed has brought 
together NOAA, universities, and state and local agencies to 
study heavy precipitation and flooding along the mountain-
ous western states. Another testbed in northern California 
has brought together hydrologic forecast and water resources 
management agencies with researchers from academic and 
nonacademic institutions to assess the utility of operational 
weather and climate information for operational reservoir 
management in large reservoir facilities. In the Pacific North-
west, the Northwest Consortium—a group that includes 
state, federal, and local agencies, as well as local universities 
and private firms—has promoted the development and real-
time evaluation of new mesoscale forecasting approaches. 
On a national scale, the Developmental Testbed Center 
(DTC) combines the efforts of several federal agencies and 
NCAR to evaluate and support advances in the WRF model-
ing system, and the joint NOAA-Navy-NASA Hurricane 
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Testbed aims to advance the transfer of new research and 
technology into operational hurricane forecasting systems 
by serving as a conduit between the operational, academic, 
and research communities.

Considering the profound changes in practices that a shift 
to probabilistic prediction and communication will entail, 
the entrainment of the larger community made possible 
by the testbed approach will enable rapid advancement. 
For example, regional testbeds can evaluate methods of 
ensemble generation and post-processing, as well as new 
approaches for communicating uncertainty information. An 
example of the potential of this approach is the Northwest 
Consortium’s mesoscale ensemble system. The informa-
tion from this ensemble system is displayed on a variety 
of Web sites that experiment with intuitive approaches to 
display and communication.18 Other testbeds could focus 
on providing uncertainty information for specific forecasting 
challenges (e.g., hurricanes, severe convection, flooding). A 
national uncertainty testbed could also be established within 
the DTC to bring together a broad community to evaluate 
generally applicable approaches to ensemble generation, 
post-processing, verification, communication, and applica-
tion development. In short, testbeds offer a powerful exten-
sion and multiplier of the efforts at major national modeling 
centers such as NCEP and the Fleet Numerical Meteorology 
and Oceanography Center.

Finding: The United States suffers from a separation 
between operational numerical weather prediction and the 
supporting research community (see, for example, NRC, 
2000). This separation increases the challenge of com-
municating operationally relevant scientific problems to 
academia and providing resources and motivation for NWS 
scientists to work more closely with their academic col-
leagues. In addition, for a paradigm shift from deterministic 
to probabilistic forecasting to be useful for a variety of users, 
a means of participation of such users and intermediaries 
in the forecast product design and communication phases 
is critical. Potential approaches for strengthening the links 
between the operational and research communities range 
from development and support of testbeds to development 
of lists of operational goals and research needs19 to ensuring 
that supporting and descriptive documentation on NWS Web 
sites is up to date. 

Recommendation 3.7: NWS should work toward a cul-
ture and systems that encourage interactions among all 
components of the Enterprise and should use testbeds 
as a means of bringing together diverse groups from 
different disciplines and operational sectors. With the 

18For example, http://www.probcast.com.
19See, for example, the CPC list at http://www.cpc.ncep.noaa.gov/

products/ctb/Laver.ppt, and the research plans associated with the WMO 
THORPEX program. 

help of external users and researchers, NWS centers and 
research groups should construct and disseminate a pri-
oritized list of operational goals and associated research 
questions. These lists should be dynamic, providing 
mechanisms by which NWS can elicit feedback from the 
research and user communities and the research and user 
communities can support and drive the direction of NWS. 
Potential solutions to these research questions could then 
be explored in testbeds. 

3.2 CLIMATE PREDICTION CENTER

The charge of the CPC20 is to monitor and forecast short-
term climate fluctuations. In addition, CPC provides infor-
mation on the effects climate patterns can have on the nation. 
This section focuses only on CPC’s monthly and seasonal 
outlooks and the approach used to estimate the uncertainty 
associated with these forecasts. CPC also provides a variety 
of other forecasts, including 6- to 10- and 8- to 14-day out-
looks, tropical cyclone outlooks, and weekly hazard assess-
ments that are not considered here. 

3.2.1 Scientific Basis and Forecast Methodology

The primary basis for skill in monthly and seasonal 
 climate predictions lies in the ability to forecast sea surface 
temperatures, especially those associated with El Niño con-
ditions, along with linkages of the El Niño-Southern Oscil-
lation (ENSO) state and, less importantly, the state of other 
climate system oscillations to global seasonal temperature 
and precipitation anomalies. Additional capability is associ-
ated with the use of information about land surface condi-
tions (e.g., soil moisture). The CPC approach to seasonal 
forecasting involves the combination of information from a 
variety of statistical and analog models with the output of 
the recently implemented Climate Forecast System (CFS) 
numerical weather prediction model, which was developed 
and is run operationally by the NCEP Global Climate and 
Weather Modeling Branch. Information from these differ-
ent sources is subjectively combined by CPC forecasters to 
create the operational outlooks (Saha et al., 2006). These 
outlooks are probabilistic and thus provide direct information 
about the uncertainty associated with the forecasts.

The CFS is a fully coupled ocean-land-atmosphere 
dynamical model, with initial conditions obtained from the 
Global Ocean Data Assimilation System. The model is well 
described and evaluated by Saha et al. (2006). An ensemble 
mean based on 40 members is used in the seasonal forecast-
ing process. To facilitate optimal use of the CFS, NCEP has 
created many years of reforecasts (i.e., applications of the 
CFS to historical observations) for seasonal projections. The 
reforecast data provide useful information for understanding 
the performance characteristics of the CFS and for correcting 

20http://www.cpc.ncep.noaa.gov/.
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model biases, and they provide opportunities for a wealth of 
forecasting experiments. Reforecast data are available for 
the seasonal forecasts but not for shorter lead times due to 
the large ocean data requirements. Recommendation 3.5 is 
addressed at this limitation. 

The statistical and analog methods that are used to create 
the CPC forecasts include canonical correlation analysis, 
ENSO composites, Optimal Climate Normals, Constructed 
Analog on Soil moisture, and Screening Multiple Linear 
Regression. The output of these guidance forecasts, used in 
creating the final outlooks, is also presented on the CPC’s 
Web page.21 The CPC has begun to experiment with objective 
approaches for combining the various pieces of information 
(i.e., results of the CFS and statistical/analog approaches) 
to create the final forecasts, rather than using the heuristic, 
subjective approach that has been the operational standard. 
Relatively large improvements in forecasting performance 
have been obtained even with the simple objective approach 
applied so far. Not only are the forecasts more skillful, but the 
areas with forecasts that differ from climatology are larger. 
These positive initial efforts toward objective combination of 
the different forms of information are based on the historical 
performance of the forecast methods. More sophisticated 
approaches are under development.

Finding: The CPC is making great strides in improving 
information to guide development of their monthly and 
seasonal forecasts (e.g., development and implementation of 
the CFS), but there is room for further improvement through 
post-processing and use of the full CFS ensemble. 

Recommendation 3.8: The CPC should investigate 
methods to use the full distribution of the CFS ensemble 
members (e.g., through a post-processing step) rather 
than relying solely on the ensemble mean or median. In 
addition, the center should make use of reforecast data-
sets and historical forecast performance information for 
developing the monthly and seasonal probabilities.

Finding: The CPC has had success with its initial efforts 
to use objective approaches to combine its various sources 
of forecast information using simple weighting schemes. 
More sophisticated methods (e.g., expert systems, statistical 
 models) for combining the forecast components are likely to 
lead to further improvements in forecast performance.

Recommendation 3.9: The CPC should develop more 
effective objective methods for combining forecast com-
ponents to improve forecast performance. 

21http://www.cpc.ncep.noaa.gov/products/predictions/90day/tools/
briefing/.

3.2.2 Performance of NCEP/CPC Monthly and  
Seasonal Predictions

Limited information regarding forecast skill is provided 
on the CPC Web pages. This information is primarily in the 
form of time-series plots of the Heidke skill score (HSS)22 
accumulated across all continental U.S. climate districts. 
These plots indicate that the forecasts have limited overall 
skill (e.g., an average HSS of around 0.10 to 0.20 for tem-
perature forecasts and 0.0 to 0.10 for precipitation forecasts, 
which suggests that the forecasts are 0 to 20 percent better 
than random forecasts). However, the scores exhibit sig-
nificant year-to-year variability (i.e., sometimes the skill is 
strongly positive and at other times it is strongly negative). 
Results presented to the committee by Robert Livezey (Sep-
tember 2005) and Ed O’Lenic (August 2005) indicate that 
the skill also varies greatly across regions and seasons and 
that skill is minimal at longer lead times for most locations. 
The best performance occurs when there is strong forcing 
(e.g., from an El Niño). When this forcing does not exist, 
the skill of the outlooks may be about the same as a clima-
tological forecast. The precipitation outlooks, in particular, 
have very little skill in non-ENSO years. Recommendation 
6 in Chapter 5 is addressed at the issues raised in this and 
related sections.

Finding: In many cases the CPC’s monthly and seasonal 
forecasts have little skill, especially at long lead times. 
Other forecasting groups, such as the International Research 
Institute, only provide forecasts out to 6 months due to the 
limited—or negative—skill for longer projections. 

Recommendation 3.10: The CPC should examine whether 
it is appropriate to distribute forecasts with little skill and 
whether projections should be limited to shorter time 
lengths. Information about prediction skill should be 
more readily available to users.

3.2.3 Research on Seasonal Prediction

Research on seasonal prediction includes improvements 
in land surface observations, development of improved land 
surface models, and improved methods for incorporating the 
land surface information in the prediction models. In addi-
tion, the use of multimodel ensembles for seasonal prediction 
and interpretation of the ensemble output are areas of current 
research. There is a strong research community focused on 
the climate forecasting problem. For example, seasonal pre-
diction is being studied at a variety of research laboratories 
and educational institutions, including the Center for Ocean-
Land-Atmosphere Studies, NCAR, and the Geophysical 

22The HSS measures the skill of the CFS in assigning the correct precipi-
tation or temperature categories, relative to how well the categories could 
be assigned by chance. See Box 3.9.
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Fluid Dynamics Laboratory, among other groups, as well as 
at many universities.

NCEP recently established a Climate Test Bed (CTB), 
associated with the CPC, to accelerate the transfer of new 
technology into operational practice.23 The CTB provides a 
natural link between the seasonal prediction research com-
munity and the operational center and facilitates the ability 
for researchers to develop and test tools, models, and method-
ologies in an operational context. Given adequate resources, 
this setting should make it easier and more straightforward 
for the CPC to quickly incorporate new research results 
into operational practice and will thus have the potential to 
greatly improve CPC’s forecasts and services.

Finding: The CTB provides an opportunity for the CPC to 
efficiently incorporate new knowledge and technologies into 
their forecasting processes.

Recommendation 3.11: The NWS and the NCEP should 
fully support the CTB to engage the Enterprise, particu-
larly the research community, in operational problems 
and develop meaningful approaches that enhance and 
improve operational predictions. 

3.3 OFFICE OF HYDROLOGIC DEVELOPMENT

The vision statement from the NWS OHD (NWS, 
2003) expands the NWS operational hydrology role and 
responsibilities from the long-time focus on producing 
river and stream forecasts to such fields as drought predic-
tion, soil moisture estimation and prediction, precipitation 
frequency, and pollutant dispersion. Primary customers 
for this information are the forecasters of the NWS River 
Forecast Centers (RFCs), WFOs, and National Centers. In 
addition, the OHD vision states that development and tools 
are produced to inform the appropriate elements of federal, 
state, and local government, industry, and the public to help 
manage water resources. There are many ways that NWS’s 
RFCs use meteorological information (forecasts and data) 
to produce deterministic and ensemble hydrology forecasts. 
The procedures and products vary significantly from center 
to center, and in several cases forecaster subjective judgment 
is involved in product generation. The following discussion 
presents several types of operational hydrologic forecast 
products, emphasizing the associated sources of uncertainty. 
The discussion then highlights recent activities within OHD 
that target the production of probabilistic and ensemble 
hydrologic forecasts and suggests improvements. 

23http://www.cpc.ncep.noaa.gov/products/ctb/.

3.3.1 Operational Hydrology as a User of NCEP and 
Weather Forecast Office Products and a Producer of 
Streamflow Forecasts

The OHD, the Hydrology Laboratory, and 13 regional 
RFCs provide hydrologic forecast services for the nation. 
Such forecast services require upstream input (e.g., precipita-
tion forecasts) produced by NCEP, and, thus, the hydrologic 
service offices are direct users of input products generated 
by other parts of NWS. In addition, the NWS hydrologic 
services offices and centers provide advanced hydrologic 
forecast products for the public, flood risk managers, and 
other users. Thus, the NWS hydrologic service has a dual 
role as both a user and a provider of NWS forecasts. 

3.3.1.1 Operational Hydrology Products

River and streamflow forecasts are the main operational 
hydrology products. Their development under the current 
operational forecast system in most RFCs is based on water 
volume accounting over hydrologic catchments using a 
 variety of numerical and conceptual models that include 
some type of channel routing procedure. Most of these 
models preserve mass in the snow/soil/channel system of the 
land surface drainage and parameterize internal and output 
flow versus storage relationships with a set of parameters 
whose values require estimation from historical input (pre-
cipitation and temperature) and output (flow discharge) data 
(e.g., Burnash, 1995; Fread et al., 1995; Larson et al., 1995; 
Anderson, 1996). Short-term flow forecasts out to several 
days with 6-hourly resolution and ensemble streamflow 
forecasts out to several months with 6-hourly or daily reso-
lution are routinely produced by RFCs around the country. 
In addition, very-short-term flash-flood guidance estimates 
are produced for the development of flash-flood warnings on 
small scales (counties) out to 6 hours with hourly resolution 
(e.g., Sweeney, 1992; Reed et al., 2002). 

The short-term streamflow forecasts are generated in a 
deterministic way using the RFC models and best estimates 
of mean areal model forcing (Figures 3.5 and 3.6). In some 
cases (e.g., forks of the American River in California) state 
estimators based on Kalman filtering are used with stream-
flow observations to update the model states (e.g., water 
stored in various soil zones and water stored in channel 
reaches) and to generate estimates of variance in short-term 
forecasts (e.g., Seo et al., 2003). An outline of the types of 
observations relevant to the hydrological prediction problem 
and their uncertainty is given in Box 3.8. 

A variety of long-term forecasts is produced routinely 
for water managers to provide them with guidance in water 
 supply decisions. Two common approaches are regression 
on the basis of observed hydrologic states and seasonal 
temperature and precipitation forecasts, and ensemble 
streamflow prediction (ESP). Seasonal water supply outlooks 
are produced for several western states on the basis of regres-
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FIGURE 3.5 Example map with official river forecast points for the California Nevada River Forecast Center (CNRFC). The colors indicate 
the severity of river conditions and are updated in real time. SOURCE: CNRFC, http://www.cnrfc.noaa.gov.
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fixed imagesion equations as collaborative efforts of NWS with other 

 agencies (e.g., National Resources Conservation Service 
and Bureau of Reclamation). These typically involve water 
 supply volume regressions on several variables including 
snow pack information and seasonal forecasts of temperature 
and precipitation. The regressions provide a deterministic 
water supply volume (representing the 50 percent exceed-
ance forecast). Uncertainty is produced by assuming a normal 

error distribution with parameters estimated from historical 
data. The resultant range of expected errors is adjusted to 
avoid negative values. Lack of representation of the skewed 
streamflows by this approach generates significant questions 
of reliability for the generated exceedance quantiles.24

24See Natural Resources Conservation Service seasonal flow methods, 
for example.
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FIGURE 3.6 Example deterministic stream stage forecast from the CNRFC map of Figure 3.5. SOURCE: California Department of Water 
Resources/NWS California Nevada River Forecast Center.
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Longer-term ensemble flow forecasts are also based 
on the ESP technique, which utilizes the RFC hydrologic 
models and historical 6-hourly mean areal precipitation 
and temperature time series (e.g., Smith et al., 1991). For a 
given date of forecast preparation time and for a given initial 
condition of model states, the ESP procedure feeds into the 
models historical time series of concurrent observed mean 

areal precipitation and temperature from all the previous 
historical years, extending to the duration of the maximum 
forecast lead time (a few months; Figure 3.7). For the river 
location of interest, the generated output flow time series 
forms the flow forecast ensemble, which is used to compute 
the likelihood of flood or drought occurrence and various 
other flow statistics. 
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BOX 3.8
Operational Hydrology Observations

Onsite Data
 Onsite data are obtained from precipitation gauges of various kinds (weighing or tipping bucket, heated or not heated, shielded or not shielded), 
surface meteorological stations, soil moisture data, and stream stage or discharge stations. In all cases there is measurement error with uncertainty 
characteristics (a bias and random component) that must be considered during hydrologic model calibration (Finnerty et al., 1997). Not only is indi-
vidual sensor error important (e.g., snowfall in windy situations), but interpolation error is also important for the production of catchment mean areal 
quantities for use by the hydrologic models. For stream discharge estimates, the conversion of commonly measured stage to discharge through the 
rating curve contributes to further observation uncertainty. Quantifying the latter uncertainty is particularly important for forecast systems that assimilate 
discharge measurements to correct model states.

Remotely Sensed Data
 Weather radar systems are routinely used in conjunction with precipitation gauges for producing gridded precipitation products for operational 
hydrology applications. Satellite platforms are also routinely used for precipitation, snow cover extent, and land surface characterization. Although the 
information provided by these remote sensors is invaluable due to its spatially distributed nature over large regions, the data is not free from errors. 
Ground clutter, anomalous propagation, incomplete sampling, and nonstationary and inhomogeneous reflectivity versus rainfall relationships, to name 
a few, are sources of radar precipitation errors (Anagnostou and Krajewski, 1999). Indirect measurements of precipitation and land surface properties 
from multispectral geostationary satellite platform sensors are also responsible for significant errors in the estimates that are derived from the raw 
satellite data (Kuligowski, 2002).

Challenges
 The main challenge for operational hydrology measurements remains the development of reliable and unbiased estimates of precipitation from a 
variety of remotely sensed and onsite data for hydrologic model calibration and for real-time flow forecasting. Measures of observational uncertainty in 
the final product are necessary (e.g., Jordan et al., 2003). A second challenge is to develop methodologies and procedures suitable for implementation 
in the operational environment that allow hydrologic models that have been calibrated using data (mainly precipitation) from a given set of sensors 
(e.g., in situ gauges) to be used for real-time flow forecasting using data from a different set of sensors (e.g., satellite and radar). Although bias removal 
of both datasets guarantees similar performance to first order, simulation and prediction of extremes requires similarity in higher moments of the data 
distributions. This challenge is particularly pressing after the deployment of the WSR-88D radars in the United States given the desirability to use radar 
data to feed operational flood prediction models with spatially distributed precipitation information.

Flash-flood guidance is the volume of rainfall of a given 
duration over a given small catchment that is sufficient to 
cause minor flooding at the draining stream outlet. It is 
computed on the basis of geomorphological and statistical 
relationships and utilizes soil water deficits computed by the 
RFC operational hydrologic models (Carpenter et al., 1999; 
Georgakakos, 2006). Flash-flood guidance estimates may be 
compared to nowcasts and very-short-term precipitation fore-
casts of high spatial resolution over the catchment of interest 
to determine the likelihood of imminent flash-flood occur-
rence (Figure 3.8). Current implementation of these guidance 
estimates and their operational use is deterministic. 

3.3.1.2 Types of Input Observations and Forecasts Used by 
Operational Hydrology 

The production of streamflow forecasts in most RFCs 
requires 6-hourly areally averaged precipitation and tem-

perature input as well as monthly or daily mean areal poten-
tial evapotranspiration input over hydrologic catchments 
(see Box 3.8 for a discussion of typical observations and 
their uncertainties). Although the specific procedures for 
producing these mean areal quantities vary among differ-
ent RFCs, NCEP forecasts are used as input to numerical 
and conceptual procedures for the development of local 
and catchment-specific precipitation and temperature esti-
mates (e.g., Charba, 1998; Maloney, 2002). Monthly and 
daily potential evapotranspiration estimates are produced 
on a climatological basis or daily using formulas that uti-
lize observed or forecast surface weather variables (e.g., 
Farnsworth et al., 1982). For the production of ensemble 
streamflow forecasts, observations of mean areal precipita-
tion and temperature, as well as monthly or daily estimated 
potential evapotranspiration are used in the ESP technique 
described earlier. Flash-flood guidance estimates require 
mainly operational estimates of soil water deficit produced 
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FIGURE 3.7 Example of ensemble streamflow prediction for Folsom Lake inflows in California produced by CNRFC. Precipitation data 
from historical years 1961 through 1998 are used to create this product. SOURCE: CNRFC, http://www.cnrfc.noaa.gov/ahps.php.
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by the operational hydrologic models, and the production 
of flash-flood warnings on the basis of flash-flood guidance 
estimates requires spatially resolved mean areal or gridded 
precipitation nowcasts or very short forecasts (e.g., Warner 
et al., 2000; Yates et al., 2000). 

3.3.1.3 Sources of Uncertainty in Input, Model Structure 
and Parameters, and Observations

Uncertainty in operational streamflow and river forecasts 
is due to errors in (a) the input time series or fields of surface 
precipitation, temperature, and potential evapotranspira-
tion; (b) the operational hydrologic model structure and 
 parameters; and (c) the observations of flow discharge, both 
for cases when state estimators use them to update model 
states and when such observations are used to calibrate the 
models (e.g., Kitanidis and Bras, 1980; NOAA, 1999, Duan 
et al., 2001). Errors in the input may be in (a) operational 
forecasts used in short-term flow forecasting, and (b) obser-
vations used in the ESP technique to produce longer-term 
ensemble flow forecasts. A primary source of uncertainty in 
short-term hydrologic forecasting is the use of quantitative 
precipitation forecasts (QPFs) for generating model mean 
areal precipitation input (Olson et al., 1995; Sokol, 2003). 
For elevations, latitudes, and seasons for which snowmelt 

contributes significantly to surface and subsurface runoff, 
surface temperature forecasts also contribute significant 
uncertainty to short-term river and streamflow forecasts (Hart 
et al., 2004; Taylor and Leslie, 2005).

3.3.1.4 Challenges 

The NWS operational hydrology short-term forecast prod-
ucts carry uncertainty that is to a large degree due to forecasts 
of precipitation and temperature that serve as hydrologic 
model input and which are generated by objective or in some 
cases subjective procedures applied to the operational NCEP 
model forecasts. These procedures aim to remove biases in 
the forecast input to allow use of the operational hydrologic 
models, calibrated with observed historical data, in the 
production of unbiased operational streamflow forecasts. 
The challenges are to (1) develop quantitative models to 
describe the process of hydrologic model input development 
from NCEP products when a mix of objective and subjective 
(forecaster) methods are used (Murphy and Ye, 1990; Baars 
and Mass, 2005), and (2) characterize uncertainty in the 
hydrologic model input on the basis of the estimated NCEP 
model uncertainty under the various scenarios of QPF and 
surface temperature generation (Krzysztofowicz et al., 1993; 
Simpson et al., 2004).

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


ESTIMATING AND VALIDATING UNCERTAINTY 59

FIGURE 3.8 Areal flash-flood guidance (inches) of 3-hour duration for the San Joaquin Valley/Hanford, California. SOURCE: CNRFC. 
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The production of longer-term (out to a season or longer) 
streamflow forecasts is done on the basis of historical 
observed time series using the ESP technique. The challenge 
in this case is to develop objective procedures to use NCEP 
short-term and seasonal surface precipitation and tempera-
ture forecasts in conjunction with the ESP-type forecasts for 

longer-term ensemble flow predictions of higher skill and 
reliability (e.g., Georgakakos and Krzysztofowicz, 2001). 

Prerequisites to successfully addressing the aforemen-
tioned challenges are the development of (1) adequate 
 historical-forecast databases at NCEP to allow bias removal 
of the NCEP forecasts, and (2) automated ingest procedures 
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to allow direct use of NCEP products into objective hydro-
logic procedures designed to produce appropriate model 
input for operational hydrologic models.

Currently, there is a one-way coupling between meteoro-
logical and hydrologic forecasts in the operational environ-
ment. Another challenge is therefore to develop feedback 
procedures so that hydrologic model states, such as soil 
moisture and snow cover, may be used to better condition 
the meteorological models that provide short-term QPF and 
surface temperature forecasts (Cheng and Cotton, 2004).

Finding: The transition from deterministic to probabilistic/
ensemble hydrologic forecasting over broad time and small 
spatial scales will require a number of steps. Availability 
of data is an important step. In addition to the availability of 
reforecast products by NCEP as discussed earlier (see recom-
mendation 3.5), it will be necessary to improve operational 
hydrology databases in the short term with respect to their 
range of time and space scales (e.g., temporal resolutions 
of hours for several decades and spatial resolution of a few 
tens of square kilometers for continental regions) and their 
content (e.g., provide measures of uncertainty as part of the 
database for the estimates of precipitation that are obtained 
by merging radar and rain gauge data). 

Recommendation 3.12: The OHD should implement 
operational hydrology databases that span a large 
range of scales in space and time. The contribution of 
remotely sensed and onsite data and the associated error 
measures to the production of such databases should be 
delineated.

3.3.2 Operational Hydrologic Forecasts with  
Uncertainty Measures

3.3.2.1 Ensemble Prediction Methods

The Advanced Hydrologic Prediction Service (AHPS; 
McEnery et al., 2005) is perhaps the most important NWS 
national project that pertains to the development of explicit 
uncertainty measures for streamflow prediction. Short- to 
long-term forecasts by AHPS are addressed within a probabi-
listic context. Enhancements of the ESP system are planned 
to allow the use of weather and climate forecasts as input 
to the ESP system, and post-processing of the ensemble 
streamflow forecasts is advocated to adjust for hydrologic 
model prediction bias. In addition, AHPS advocates the 
development of suitable validation methods for ensemble 
forecasts. This requires historical databases of consistent 
forcing for long enough periods to allow assessment of 
performance not only in the mean but also for flooding and 
drought extremes. 

Real-time modifications of hydrologic model input or 
model states are a common mode of operations associated 
with a deterministic approach to hydrologic forecasting. A 

fully probabilistic system such as AHPS, which includes 
validation and model-input bias adjustment, will enable the 
elimination of this type of real-time modification so that 
the model state probability distribution evolves without 
discontinuities and remains always a function of the model 
 elements. The probability distribution of the model state 
is the new state of the fully probabilistic system, and any 
changes (including forecaster changes) in real time must 
result in temporal evolution consistent with probability 
theory and Bayes theorem (such as when assimilation of real-
time discharge measurements is accomplished with extended 
Kalman filtering). 

The evolution of AHPS represents a positive development 
toward the shift from deterministic to probabilistic forecast-
ing in operational hydrology. As is often the case when first 
steps are taken to infuse science into operational methods 
and techniques, the details of how to go about doing this are 
matters of scientific debate. Such debate could be promoted 
by the NWS’s AHPS team by encouraging participation of 
the academic and research community in workshops target-
ing specific methods of uncertainty analysis and probabilistic 
prediction. In addition, and specifically for (1) designing the 
new AHPS products to be useful for users and (2) developing 
appropriate performance measures for validation of proba-
bilistic and ensemble products, the NWS could encourage 
contributions to AHPS design from potential product users 
and analysts who are concerned with decision making under 
uncertainty. Demonstration testbeds with the participation 
of forecasters and managers addressing concerns of specific 
hydrologic forecast users (e.g., reservoir managers, irrigation 
districts) are a feasible and direct way to accomplish this goal 
(see also recommendation 3.7).

Finding: Developing and testing alternatives to AHPS com-
ponents (e.g., downscaling of surface meteorological forcing 
for hydrological models, manner of incorporating model 
structure and parameter uncertainty in the ensemble stream-
flow predictions, assimilation of observations) will require 
participation from across the Enterprise. In the short term, 
workshops organized by NWS and with wide participation 
would be necessary to implement this process. 

Recommendation 3.13: The OHD should organize work-
shops with participation from all sectors of the Enter-
prise to design alternatives to the AHPS ensemble 
prediction system components and develop plans for 
intercomparisons through retrospective studies, demon-
stration with operational data, and validation, and for 
participation in testbed demonstration experiments. 

3.3.2.2 Limitations of Theory and Input Forecast 
Requirements for Successful Application

As operational hydrology transitions from deterministic 
to probabilistic/ensemble short-term hydrologic forecasting 
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it also transitions from larger to smaller spatial scales (down 
to the scales of flash-flood prediction). The latter transi-
tion makes estimation of the uncertainty in the hydrologic 
forecasts even more important as there is higher hydrologic 
simulation uncertainty at smaller scales (Smith et al., 2004). 
This, for instance, generates the immediate requirement for 
converting flash-flood guidance systems from deterministic 
to probabilistic systems. Successful application of ensemble 
streamflow predictions depends not only on the reliability 
of the forecasts but also on the manner with which these 
forecasts are made available (e.g., probability estimates 
versus an ensemble streamflow time series), communicated, 
and used by the decision maker or decision-support system 
(Georgakakos and Krzysztofowicz, 2001). 

Ensemble streamflow forecast reliability depends criti-
cally on (1) the reliability of the meteorological model 
ensemble forecasts that are fed into the hydrologic model, 
(2) the manner with which short-term ensemble weather 
predictions are blended with longer-term (e.g., seasonal 
or longer) ensemble climate predictions to create seamless 
ensemble forcing for the hydrologic models, and (3) the 
development of reliable methods for model error contribu-
tion to the streamflow ensemble forecasts. As the operational 
hydrologic models transition from spatially lumped to 
spatially distributed formulations, these critical reliability 
prerequisites become increasingly difficult to meet with 
present-day observing networks and meteorological model 
resolution (e.g., Carpenter and Georgakakos, 2004; Ntelekos 
et al., 2006). 

The issue of blending (point 2, above) is particularly 
challenging. This issue can be correctly resolved only if the 
same meteorological model structure and ensemble predic-
tion methodology is used in short-term weather forecasts and 
long-term climate predictions, and the full range of products 
becomes available routinely by NCEP from both weather and 
climate model output. 

Finding: Blending of short-term predictions with longer-
term predictions to force hydrologic models is particularly 
difficult. This is an area in which hydrologists, as weather 
and climate forecast users, can provide significant input to 
meteorologists.

Recommendation 3.14: The OHD should develop meth-
ods for seamlessly blending short-term (weather) with 
 longer-term (climate) ensemble predictions of meteo-
rological forcing within the operational ensemble stream-
flow prediction system. This will require NCEP model 
output downscaling and bias adjustment, and real-time 
data availability.

3.4 SUBJECTIVELY CREATING UNCERTAINTY 
INFORMATION

Objective uncertainty information in the form of ensemble 
forecasts and statistical post-processing is made available as 
guidance for forecasters, but the majority of official proba-
bilistic forecasts are human generated. This section covers 
some of NWS’s subjectively generated official uncertainty 
forecasts. One such approach and product was already 
discussed in the context of the CPC. Here, the discussion 
is extended to include the WFO25 and to briefly consider 
forecasts produced by the HPC,26 the SPC,27 and the Aviation 
Weather Center (AWC).28

Although objective uncertainty information is provided 
by the EMC ensemble systems and through MOS based on 
deterministic model predictions, human forecasters within 
NWS play a very important role in producing uncertainty 
information. Since 1965, NWS forecasters have produced 
subjective predictions of probability of precipitation for 
cities across the country. Such subjective uncertainty infor-
mation is based on forecaster knowledge and experience 
informed by model output, observations, and statistical 
guidance such as MOS and local prediction aids. Several 
experimental studies have demonstrated that forecasters are 
able to produce reliable and accurate probability forecasts 
of a number of additional elements, such as temperature, 
humidity, tornadoes, winds (e.g., Murphy and Winkler, 1982; 
Brown and Murphy, 1987). However, NWS forecasters have 
not produced such forecasts operationally. 

NWS staff also communicate the uncertainty in their 
forecasts through a variety of text discussion products. At 
the local level, each forecast office produces Area Forecast 
Discussions several times a day that analyze the weather 
situation and provide insights into the forecaster’s analysis, 
including his or her relative certainty regarding the forecast. 
At some NWS offices, short-range area forecast discussions 
are also created. Both the short- and longer-term forecast dis-
cussions play a critical role in providing the user community 
with a measure of forecast confidence. For most parameters, 
there is no other means of providing such uncertainty 
information. An additional way for forecasters to indicate a 
significant probability for severe weather events is through 
watches and advisories. Neither have specific probabilities 
associated with them, but the wording used may indicate 
levels of confidence. 

The primary tool used by NWS forecasters to produce and 
distribute their forecasts is the Interactive Forecast Prepara-
tion System (IFPS). IFPS is the outcome of a recent paradigm 
shift in forecast preparation whereby NWS forecasters create 
graphic renditions of the weather out to 7 days that are dis-

25http://www.weather.gov/organizations.php#local.
26http://www.hpc.ncep.noaa.gov/.
27http://www.spc.ncep.noaa.gov/.
28http://aviationweather.gov/.

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


62 COMPLETING THE FORECAST

FIGURE 3.9 Probabilistic outlook for damaging winds. SOURCE: Storm Prediction Center.
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fixed imagetributed digitally as well as automatically translated into text. 

The digital forecast grids, known as the NDFD, represent an 
entirely deterministic, single-valued approach to prediction 
with the exception of 6- and 12-hour PoP. It is also possible 
for forecasters to pair probabilities of precipitation with 
major weather elements (e.g., thunderstorms, fog, and snow) 
to provide probabilities of such weather conditions. 

On a national level, the HPC produces a variety of forecast 
discussions that communicate uncertainty, including a Short 
Range Public Forecast Discussion, an Extended Forecast 
Discussion, a Quantitative Precipitation Forecast Discussion, 
an Excessive Rainfall Discussion, a Heavy Snow Discussion, 
and others. They also produce graphical probabilistic surface 
low tracks, and the national PoP products as well as several 
winter weather products29 including snowfall probability and 
freezing rain probability.30 

Forecasters at the SPC produce probabilistic 1- and 2-day 
outlooks of severe weather, including specific probabilistic 
forecasts for the occurrence of hail, tornadoes, and damaging 
winds (Figure 3.9). These outlooks are produced spatially, 

29http://www.hpc.ncep.noaa.gov/wwd/winter_wx.shtml.
30http://www.hpc.ncep.noaa.gov/medr/pop_12hr.shtml.

with specific definitions of the event being forecasted (i.e., 
the occurrence of the phenomenon within 25 nautical miles 
of any point within a contour) that are tied closely to the 
verification of the forecasts. In similarity with the subjec-
tive forecasts produced by WFO and HPC forecasters, the 
probabilistic outlooks are based on forecaster experience and 
knowledge, as well as the model guidance and other observa-
tions and tools. Watches and warnings issued by the SPC also 
may provide some information about the likelihood of severe 
weather, through wording of the discussions, but they do not 
explicitly include uncertainty information.

At the AWC forecasters produce 6-hour outlooks and 
short-term warning areas for phenomena affecting aviation 
safety and efficiency, including icing, turbulence, ceiling and 
visibility, and convection.31 Most of these products include 
wording that indicates likely changes in the situation with 
time through the outlook period but they do not indicate the 
actual likelihood of occurrence of the particular phenom-
enon. An exception to this is the Collaborative Convective 
Forecast Product, which shows areas of likely convective 
activity at projections of 2, 4, and 6 hours. This product 

31See http://aviationweather.gov/.
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indicates both the expected areal coverage of convection and 
the forecaster’s confidence that convection will occur in the 
region identified. Although these parameters are not direct 
estimates of the probability of convection, they do provide an 
indication of the uncertainty associated with the occurrence 
and characteristics of future convective activity.

Although the production of subjective probabilities by 
NWS (and throughout the Enterprise) is limited, the impor-
tance of the human forecaster in the production of forecasts 
for end users cannot be underestimated. The availability of 
more and better probabilistic guidance products will lead to 
the production of improved and more extensive probabilistic 
forecasts by human forecasters.

3.5 VERIFICATION

All forecasts must be verified. Regardless of whether 
the forecast was produced by a numerical model, a post-
processing procedure, or a human forecaster, verification 
provides information to users about the performance and 
uncertainty associated with the forecasts (to guide their use 
of the forecasts and as input to decision-support systems; 
see Chapter 2) and ultimately drives the development of 
a forecasting system. Verification also fosters intellectual 
honesty about forecasting capabilities: essentially, verifica-
tion information provides base-level uncertainty information 
for any measured weather element. A number of types of 
verification approaches are needed to evaluate the quality of 
probabilistic and ensemble forecasting systems (Box 3.9), 
facilitate development of improved forecasting systems, and 
meet the specific needs of users.

Forecast verification is the process of evaluating the 
quality of forecasts. Verification includes the measurement 
of various attributes of forecasting performance, including 
such quantities as accuracy, skill, and reliability (Box 3.9). 
The availability of appropriate information about the quality 
of forecasts and forecasting systems is important for many 
purposes and for a variety of types of users. In particular, 
forecasters and forecast developers need information about 
forecast quality to help improve forecasts; program man-
agers need verification information to monitor forecasting 
performance; and end users need verification information 
to make optimal use of forecasts. Although forecast quality, 
as measured through verification processes, is related to 
forecast value, quality and value are not the same thing—
improvements in forecast quality may not always result in 
increases in value (Murphy, 1993). In general, a different set 
of methodologies, involving users and decision-making or 
econometric models, is required to estimate forecast value. 

Nevertheless, forecast verification approaches can (and 
should) be designed to provide information about forecast 
quality that is relevant in the context of how users inter-
pret and use forecasts. Two examples of ways verification 
information can be made more relevant are (1) the provision 
of verification information for weather conditions that are 

BOX 3.9
Verification Measures and Approaches for 

Probability Forecasts

 Forecast verification involves the comparison of forecasts and 
observations using various approaches to evaluate the quality of 
the forecasts. The selection of an appropriate verification approach 
depends on the type of forecast as well as the purpose for the 
verification. For example, forecasts of rain/no rain require different 
verification approaches than forecasts of temperature; end users 
of forecasts require different information than managers. 
 During the past half-century, specific methods and measures 
(e.g., the Brier score) have been developed to evaluate probabi-
listic forecasts. More recently, verification method development 
has begun to focus on the evaluation of forecasts of probability 
distributions, such as can be obtained from ensemble forecasts. 
Development of these approaches remains an area of active 
research. Examples of measures that can be applied for the 
evaluation of probabilistic and ensemble forecasts include the 
decomposed Brier score, the Ranked Probability Score (Wilks, 
2006), the Continuous Ranked Probability Score (e.g., Hersbach, 
2000), the ignorance score (Roulston and Smith, 2002), Relative 
Entropy, the Minimum Spanning Tree (Wilks, 2004), the Rank 
Histogram (Hamill, 2001; Talagrand et al., 1997), and the Relative 
Operating Characteristic (Mason, 1982; Jolliffe and Stephenson, 
2003). 
 Attributes of probability forecasts that must be considered in 
verification include accuracy, reliability (also called calibration), 
resolution, sharpness, discrimination, and skill. Similar attributes 
could be defined for forecasts of probability distributions. The 
two attributes calibration and sharpness are sometimes relied on 
to provide an overall assessment of the quality of probabilistic 
forecasts. Calibration measures whether, over a large set of events, 
individual probability values are equivalent to the relative frequency 
of occurrence of the event. For example, for a large subset of PoP 
forecasts in which the probability forecast is 0.25, precipitation 
would occur 25 percent of the time if the forecasts are calibrated. 
Sharpness represents the variability of the forecasts. A completely 
unsharp set of forecasts (e.g., based on the climatological prob-
ability) would have no variability (i.e., only one probability value 
would always be used). A completely sharp set of forecasts would 
use only the probability values 0 and 1. In general, sharp fore-
casts have a U-shaped frequency distribution, with the highest 
frequencies of use at the lower and upper ends—near 0 and 1. 
Discrimination measures the ability of the probability forecasts 
to correctly categorize the observed occurrence/nonoccurrence of 
the event. Skill measures how well a forecast performs relative to a 
naïve standard of comparison, such as climatology or persistence. 
Many of these attributes, approaches, and measures are explained 
on the Web site of the WMO WWRP/Working Group on Numerical 
Experimentation Joint Working Group on Verificationa and by 
 Jolliffe and Stephenson (2003) and Wilks (2006).

a http://www.bom.gov.au/bmrc/wefor/staff/eee/verif/verif_web_page.html.
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meaningful to users (e.g., for surface variables as opposed to 
500-mb heights32) and (2) the use of diagnostic approaches 
as opposed to the summary scores that are commonly pre-
sented on NWS Web sites (e.g., components of the Brier 
score versus the overall Brier score). With respect to the 
first example, GMB assesses its ensemble products primar-
ily (but not exclusively) against analyzed 500-mb heights. 
This approach naturally results in an ensemble system that 
shows steady improvement in its ability to probabilistically 
assess the height of the analyzed 500-mb surface. If one is 
interested in forecasting the 500-mb analysis then there 
is nothing wrong with this choice of assessment, but this 
goal may not be the most relevant for most users, and NWS 
is making implicit value judgments about what variables are 
important. 

With regard to the second example, diagnostic verifica-
tion approaches generally provide much broader informa-
tion about forecast performance than can be obtained from 
a more traditional verification approach that focuses on 
single verification measures. The diagnostic approach con-
siders verification from a “distributions oriented” statistical 
perspective. A basic principle of the diagnostic verification 
approach is that a variety of verification statistics is needed 
to provide meaningful information about the quality of any 
type of weather forecast and to meet the needs of the variety 
of users and purposes for verification. Clearly, no single 
measure can adequately represent all aspects of forecast 
performance for all users. Nevertheless, single measures are 
commonly presented for many variables (e.g., CPC monthly 
and seasonal outlooks).

The diagnostic verification approach is characterized 
by its incorporation of graphical methods, the stratification 
of verification results into meaningful subsets, and the use of 
relevant standards of comparison. Graphical approaches are 
an important component of diagnostic verification and can 
provide much more information about the distributions of 
errors than can ever be provided in single summary measures 
(e.g., Wilks, 2006). In addition, new research on spatial diag-
nostic verification approaches has led to new methods that 
provide more user-centric verification of spatial forecasts of 
variables such as precipitation. With respect to stratification, 
forecasts are grouped into meaningful subsets so that perfor-
mance characteristics are not an artifact of combining fore-
casts too broadly—for example, across climatological zones 
or time periods. Finally, because verification is essentially a 
“relative” process, verification results are most meaningful 
when presented in comparison to the performance of a naïve 
“standard” (e.g., climatology or persistence).

NWS Instruction 10-160133 provides guidance on veri-
fication requirements for NWS offices and centers. This 
directive defines the verification measures that are required 

32The geographic distribution of the height of the 500-mb-pressure 
 surface above Earth’s surface.

33http://www.nws.noaa.gov/directives/010/pd01016001c.pdf.

for public and fire forecasts, severe weather watches and 
warnings, marine forecasts, hydrologic forecasts, aviation 
forecasts, tropical cyclone forecasts, and climate forecasts. In 
general, the verification analyses that are publicly provided 
by NWS for many forecasts (e.g., CPC seasonal forecasts) 
rely on single summary measures of performance. Excep-
tions to this approach include the extensive diagnostic veri-
fication information provided by the SEC34 and some other 
centers and offices (e.g., MDL35). Thus, these verification 
approaches generally do not meet the need for diagnostic or 
user-focused verification.

Two other aspects of verification that are typically 
ignored are the nonindependence of nearby grid points and 
the uncertainty associated with the verification measures 
themselves. With regard to the first issue, ensemble (and 
other model) forecast verification efforts tend to treat model 
gridpoints independently.36 The implication is that the NWS 
goal is to produce unbiased, reliable probabilistic forecasts 
of individual weather elements at individual locations. This 
is a worthwhile effort, and with further development it would 
allow users to evaluate the probabilistic skill of global and 
mesoscale PDFs for different variables, locations, and time 
periods. But covarying uncertainty information can also be 
important to users. For example, if a hydrologist is concerned 
about flooding, the covariance of rainfall amounts becomes 
extremely important. There may be a chance of significant 
rainfall on opposite ends of a drainage basin, but does high 
rainfall on one end imply low rainfall on the other, does 
high rainfall on one end imply high rainfall on the other, or 
are the two truly independent? It is possible to imagine a 
forecasting system that is good for individual locations but 
poor when multiple locations are considered. An emphasis on 
improving the former (i.e., ignoring the covariances) likely 
requires a much different development path than an emphasis 
on improving the latter.

Comparisons of models and forecasting systems often 
are made using verification information based on simple 
scalar scores. In some cases these comparisons lead to 
choices among model or forecast characteristics and param-
eterizations. Thus the choice of verification measures and 
approaches is critical. To compound the difficulty in making 
such comparisons, verification measures and statistics them-
selves are uncertain. This uncertainty arises from several 
sources—observational error, sampling variability, and so 
on—but is almost always ignored in verification studies. To 
provide meaningful comparisons of probabilistic forecasting 
systems, this variability is explicitly considered through the 
use of statistical confidence intervals or hypothesis tests. 

34http://www.sec.noaa.gov/forecast_verification/.
35http://www.nws.noaa.gov/mdl/verif/.
36See, for example, http://www.emc.ncep.noaa.gov/gmb/ens/verif.html, 

http://www.emc.ncep.noaa.gov/mmb/SREF/VERIFICATION_32km/
new_html/system_48km_30day.html, and http://bma.apl.washington.
edu/verify.jsp.
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Diagnostic verification information can be considered 
base-level forecast uncertainty information. For example, a 
straightforward way for NWS to provide forecast uncertainty 
information is to augment existing forecast products with the 
error bars implied by historical verification statistics. This 
approach has been used effectively by the National Hurricane 
Center37 (Figure 1.6). The radius of the uncertainty circle 
at each lead is the average historical track error over the 
observational record. This product has (1) provided useful 
information to the public and the Enterprise, (2) stimulated 
research to provide improved uncertainty information, and 
(3) generated debate about what information the public and 
emergency managers require. A more sophisticated approach 
that utilizes ensemble information is given by the “dressing” 
technique described by Roulston and Smith (2003). 

Finally, many of the issues considered in Chapter 4 
regarding the communication of uncertainty information are 
relevant for the communication of verification information. 
Thus, careful consideration is needed for the way this infor-
mation is presented to users. In addition to the verification 
measures and approaches considered here, it also is impor-
tant that the components that went into the verification be 
made readily available to all forecast users (see Chapter 5, 
recommendation 6) to allow specialist users to perform their 
own post-processing and verification.

Finding: Verification drives forecast system development 
and affects the use of forecast information. By focusing 
on providing meaningful information to users about fore-
cast quality and by being more explicit about its choice of 
verification measures for the forecast development process, 
NWS will enable open Enterprise debate about the choice of 
verification measures and the implied NWS role and values. 
Such debate will allow user interests to directly influence 
the development of NWS forecasting systems. Applica-
tion of a broad set of diagnostic approaches, including new 
approaches developed through verification research, and 
incorporation of statistical standards (e.g., stratification into 
meaningful subsets, use of confidence intervals, comparison 
to a naïve standard) will allow the provision of information 
that is needed by a broad spectrum of users. 

Recommendation 3.15: NWS should expand its verifica-
tion systems for ensemble and other forecasts and make 
more explicit its choice of verification measures and 
rationale for those choices. Diagnostic and new verifica-
tion approaches should be employed, and the verification 

37http://www.nhc.noaa.gov/.

should incorporate statistical standards such as strati-
fication into homogeneous subgroups and estimation of 
uncertainty in verification measures. Verification infor-
mation should be kept up to date and be easily accessible 
through the Web.

SUMMARY

In spite of the variety of time and space scales, the 
 differences in quality of numerical models, the range of 
different forcings, and the assortment of phenomena under 
consideration, four themes emerge relating to estimation and 
validation of uncertainty of weather, climate, and hydrologic 
forecasts within NWS.

1. There is a need for the production of guidance databases 
that include raw and post-processed probabilistic information 
that can be interrogated by all users of hydrometeorological 
information, including NWS forecasters, the private sector, 
and members of the public. There is also a strong need for 
the construction and maintenance of databases of historical 
forecasts and the associated observations for the purpose of 
post-processing and verification. 

2. Before such a database can be usefully constructed, 
improvements are needed in post-processing efforts for the 
production of objective probabilistic guidance for all parts 
of NWS. 

3. An increased emphasis on verification is needed across 
all parts of NWS. A wide range of verification measures that 
are appropriately applied with a valid statistical basis are 
necessary to properly assess forecasts and provide mean-
ingful information to users. In addition, diagnostic verifi-
cation information provides a simple approach for adding 
uncertainty information to forecasts. Because the choice of 
verification drives forecast system development, verification 
measures should be carefully chosen.

4. The Enterprise, and in particular the academic commu-
nity, is a vast resource that is underutilized by NWS. Testbeds 
are one way in which productive links can be forged among 
NWS, the academic and private-sector communities, and the 
users they serve, but only if sufficient emphasis is given and 
NWS buys into the testbed concept.

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


66

4

Communicating Forecast Uncertainty

Communication is the critical link between the generation 
of information about forecast uncertainty (Chapter 3) and 
how information is used in decision making (Chapter 2). 
This chapter discusses issues at the interface of generation 
and use. It builds on the foundation laid in Chapter 2, which 
describes the theoretical aspects of uncertainty in decision 
making, and focuses on practical aspects of communicating 
uncertainty in hydrometeorological forecasts. 

This chapter addresses the committee’s third task: iden-
tifying sources of misunderstanding in communicating 
forecast uncertainty, including vulnerabilities dependent 
on the means of communication, with recommendations on 
improvements in the ways used to communicate forecast 
uncertainty. It explores the roles of graphics, animation, and 
language; consistency; dissemination technologies; and the 
media in uncertainty communication. In addition, it presents 
ideas on refinements to NWS’s product development process 
and education and research needs to support NWS and 
 Enterprise-wide progress on communicating uncertainty 
information. The chapter is supported by an annex with 
examples of approaches and products with (and without) an 
uncertainty component. 

As noted in Chapter 2, there is an extensive and rich 
 literature on uncertainty communication in a variety of fields, 
including medicine, health, and hazards. Given the breadth 
of this literature, it is beyond the scope of this report to 
comprehensively review the general topic of communicat-
ing uncertainty. Nonetheless, Chapter 2 summarizes aspects 
from other fields that are central to this report, and for an 
introduction to the broader literature on uncertainty com-
munication, the reader is referred to Morgan and Henrion 
(1990) and Morgan et al. (2002) in addition to references in 
Chapter 2. Because this literature is rapidly evolving, NWS 
and the rest of the Enterprise will need to entrain expertise 
on communicating uncertainty from outside the hydro-
meteorological community on a regular basis to effectively 
use this knowledge. Chapter 2 presents a process by which 
NWS could learn to utilize relevant expertise from within the 

Enterprise and from other disciplines to improve communi-
cation of uncertainty information. The present chapter draws 
on lessons from these other disciplines as needed to support 
recommendations for improving uncertainty communication 
in hydrometeorology. 

4.1 BACKGROUND

Full disclosure of forecast uncertainty information is 
consistent with—and in fact fundamental to—NWS’s estab-
lished vision for communicating information (Box 4.1). This 
vision emphasizes dissemination of a wide range of NWS 
information. As discussed in Chapters 2 and 3, this means not 
only NWS forecasts and products but also the fundamental 
supporting information (such as verification and past perfor-
mance) that is central to improving uncertainty communica-
tion throughout the Enterprise. 

Beyond NWS’s philosophy of information availability, 
though, there are practical considerations on how to effec-
tively communicate uncertainty information that help set the 
context of this chapter. For instance, the National Research 
Council (NRC) workshop on “Communicating Uncertainties 
in Weather and Climate Information” (Box 4.2) observed 
that understanding, communicating, and explaining uncer-
tainty should be an integral and ongoing part of what fore-
casters do and are essential to delivering accurate and useful 
information. 

4.2 COMMUNICATING UNCERTAINTY IN EVERYDAY 
AND HAZARDOUS WEATHER FORECAST PRODUCTS

Forecast uncertainty can be communicated in such 
 products as maps (Figure 4.1), graphs, tables, charts, flip 
books, images, and written or oral narrative (see Annex 4 
for a range of examples). Selecting an appropriate product 
type and carefully crafting its content can substantially 
reduce the likelihood of misunderstandings. Each approach 
to communicating uncertainty will inherently have strengths 
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BOX 4.2
Suggestions for Improving Communication of 

Uncertainty Information

 The following practical suggestions were made during an NRC 
workshop to improve information delivery (NRC, 2003b):

View communicating uncertainty to all information users 
as a key part of the decision-making process.

Communicate why information is uncertain, not just the 
fact that it is uncertain.

Communicate why information about uncertainty is 
important.

Use multiple measures of uncertainty and ways of com-
municating uncertainty to reach diverse audiences.

Use both qualitative and quantitative forms to communi-
cate uncertainty.

 Effectively communicating uncertainty and its context shifts the 
burden and responsibility of decision making to the information 
user. The following suggestions from the NRC workshop could 
improve communications to decision makers:

The careful and strategic use of context (a tie to a past 
experience) in the face of complexity and uncertainty frequently 
makes the meaning of the uncertainty tangible.

Comprehensively communicate what is known rather than 
only what it is thought the decision maker needs to know.

 Perceived success or failure of forecasts and the portrayal of 
forecasts by the media and decision makers guide opinions and 
help determine the credibility of future forecasts. The following 
actions were suggested:

Expect misinterpretation. Make an effort to correct prob-
lems as soon as possible. Feedback from users is critical.

Provide a “measuring stick” to decision makers to guide 
their evaluation of forecasts and forecast uncertainty.

Avoid overselling or overinterpreting the science.
Provide follow-on information about forecast quality 

to help ensure the credibility of future communications. This 
information is particularly important following the forecast of 
significant events (e.g., when a forecast was successful despite a 
large uncertainty or when a forecast was highly credible and failure 
resulted).

SOURCE: NRC, 2003b.

BOX 4.1
National Weather Service Vision for 

Communicating Information

 The NWS vision of communicating information to users is to

Make a wide range of information readily available to a 
diverse user community;

Disseminate all NWS information nationwide;
Disseminate broad user community-specific information 

using a subset of NWS information; and
Deliver critical information to the public, the hazards com-

munity, and other users.

SOURCE: NWS, http://www.nws.noaa.gov/om/disemsys.shtml.

and weaknesses, and each may best communicate a different 
type of uncertainty to a different user group. Products can be 
 tailored to specific user needs, but when communicating with 
a diverse audience such as the public, one product is unlikely 
to meet all users’ needs or to be readily understandable to 
all subgroups (Chapter 2). When such a broad audience is 
anticipated, a mix of products will likely be most useful 
(Chapter 2). In addition, an NWS National Digital Guidance 
Database (recommendation 3.6) would help support this mix 
of products by providing users and intermediaries with data 
and tools for customizing communication of uncertainty 
information. 

NWS and other members of the Enterprise generate a 
variety of textual, verbal, and visual products that com-
municate uncertainty (Annex 4). However, most weather 
forecasts specifically generated for the public contain little 
or no useful uncertainty information; they are simplified and 
deterministic. Members of the public have been conditioned 
to these deterministic forecasts and have been given little 
objective information on the inherent errors in these simpli-
fied predictions. Instead, users in the public have developed 
their own informal methods of estimating the uncertainty. 
This highlights the need for user education as the Enterprise 
transitions to probabilistic forecasting.

One major example of a predominantly deterministic 
product is the NWS public weather forecasts produced by 
the Interactive Forecast Preparation System (IFPS) and dis-
tributed as the National Digital Forecast Database (NDFD). 
IFPS/NDFD’s strength is that it allows forecasters to gener-
ate, present, and communicate forecasts of multiple weather 
elements as a digital database, both for the local area and 
as a nationally unified grid. Its main weakness is that the 
forecasts contain limited information about uncertainty. Most 
variables are estimated and presented as “point forecasts” 
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FIGURE 4.1 Probability of wind speeds of greater than 39 mph (tropical storm force) during the specified 120-hour period. The colored bar 
at the bottom of the figure gives the probability scale in percent. SOURCE: Experimental NWS product generated by the Tropical Prediction 
Center (TPC). 

4-1
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that appear as deterministic values or graphs for the next 7 
days, with no change in format. As discussed in Chapter 3, 
these deterministic digital values for days into the future are 
not scientifically valid and could be highly inaccurate and 
misleading. In addition, the system issues forecasts of pre-
cipitation type and thunderstorm risk using vague uncertainty 
terms such as “slight chance,” “chance,” “likely,” and “occa-
sional.” As discussed in Chapter 2 and developed later in this 
chapter, research has shown that these terms are interpreted 
by users as communicating a wide range of probabilities. 

The NDFD enables a user to select a site-specific forecast 
and to extract tailored forecasts from the database. The draw-
back, though, is that these forecasts include no “qualifier” 
text or statistical ranges that provide the user with uncertainty 
information to aid decisions. Fundamentally, IFPS and 
NDFD are also designed from a deterministic framework 
(other than the “Probability of Precipitation” component) and 
thus cannot be easily modified to incorporate communication 
of forecast uncertainty information. 

The provision of single-valued forecasts without uncer-
tainty information (such as error bars on a meteograph) not 
only exposes a significant limitation of the NDFD/IFPS 
 process but is also fundamentally inconsistent with the 
science (Chapter 1). Moreover, these digital systems may 
generate machine-derived text forecasts of “partly cloudy” 
skies for several days in a row—in essence representing a 

wide range of weather conditions—and therefore do not 
effectively communicate the complexity or uncertainty of 
future weather.

With the importance of digital dissemination of forecasts 
through the Internet, incorporating uncertainty information 
into NDFD and IFPS would be advantageous to the public, 
intermediaries, and specialized users. Many methods of 
communicating uncertainty are available. Choosing the most 
effective method (or methods) will require research and 
two-way interactions with users (see Sections 4.4 and 4.5). 
Possible methods to consider include displaying skill scores 
or the standard forecast variance for each forecast variable 
at different times or providing confidence intervals. Another 
possibility, to improve consistency, is to communicate cloud 
cover not as scattered or broken but rather in categories (such 
as high, medium, and low) or as a percentage (as is currently 
done for probability of precipitation type and probability of 
thunderstorms in Model Output Statistics [MOS]). 

Finding: The public weather forecasts from the IFPS and 
distributed as the NDFD are one of NWS’s primary fore-
cast products. The system is unable to provide probabilistic 
forecasts for most fields, and it cannot access probabilistic 
guidance from the National Centers for Environmental 
Prediction (NCEP) or other ensemble systems. With the 
incorporation and communication of uncertainty in most 
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forecast parameters, IFPS and NDFD can reach their full 
potential as forecast products that meet the NWS vision for 
communicating information. Development efforts are under 
way to provide initial probabilistic fields by “dressing” IFPS 
forecasts with historical error statistics, but making such 
capabilities operational is years away. 

Recommendation 4.1: The NWS should expedite develop-
ment of the IFPS toward a system that can access, pro-
duce, and communicate uncertainty guidance for most 
forecast parameters. Such a revised system should be able 
to access deterministic and ensemble prediction systems, 
historical error statistics, and statistically post-processed 
forecast information (e.g., MOS) to allow production of 
uncertainty information with varying levels of subjec-
tive and objective contributions. The system should be 
capable of preparing probabilistic products to commu-
nicate probability density functions and other types of 
uncertainty information (e.g., probability of temperature 
less than freezing or wind speed greater than 26 knots).

Most of the above discussion focuses on communica-
tion of uncertainty in public forecasts and outlooks. Com-
municating uncertainty in hazardous weather situations, 
particularly for short-fuse, possibly life-threatening events, 
presents additional challenges. Yet even in these situations, 
communication of simple uncertainty information may be 
advantageous (Box 4.3).

4.3 IMPORTANT ASPECTS OF  
COMMUNICATING UNCERTAINTY

4.3.1 Use of Language and Graphics 

Users’ interpretations of forecast information can lead 
to misunderstandings that affect their decisions, sometimes 
with catastrophic consequences (e.g., Box 4.4). In particu-
lar, words or images that a forecaster or scientist thinks are 
clear may be interpreted differently by users (and differently 
among users). For example, interpretations of the term “pos-
sible” span most of the probability spectrum (Chapter 2). 
When this term is used to communicate forecast uncertainty, 
some users will inevitably misinterpret what the forecaster 
intended to convey. 

In addition to reducing the likelihood of misinterpretation 
in the use of language to characterize uncertainty, NWS can 
also increase the clarity and accessibility of its uncertainty 
products. Two examples have immediate potential, the Area 
Forecast Discussion (AFD) and the Climate Prediction 
Center’s (CPC’s) monthly and seasonal forecasts.

4.3.1.1 Area Forecast Discussion

The NWS AFD is one of the most commonly accessed 
products on NWS Web sites. Notwithstanding the challenge 

BOX 4.3
Communication of Forecast Uncertainty in 

Short-Term Warnings

 Communication of uncertainty information within short-term, 
high-risk weather events such as tornados, flash floods, or severe 
storms presents a dilemma for forecasters. Research in risk 
communication suggests that motivating action requires clear, 
consistent messages that warn of the approaching hazardous event 
and recommend specific responses, as in current NWS tornado, 
severe thunderstorm, and other warnings. Adding uncertainty 
information to these forecasts may confuse the message and pos-
sibly delay life-saving actions. Yet every forecast contains some 
uncertainty, and many members of the public have experience 
with categorical forecasts of short-fuse hazardous weather events 
that have not occurred as forecasted. Such experiences can lead 
people to interpret warnings according to their own perceptions 
of forecast uncertainty, which may be substantially different than 
the uncertainty in the actual weather situation. This, too, can delay 
decisions to take action. Thus, at a minimum, including some 
consistent information about confidence in short-term forecasts 
and warnings may help people evaluate the uncertainty in the 
situation and, in doing so, benefit their decisions. 

of effectively using words to convey uncertainty (Chapter 2), 
these discussions provide one of the few available assess-
ments of forecast uncertainty generated by a human fore-
caster. They are particularly useful to meteorologists and to 
specialized users who understand the meteorology. However, 
the AFDs (and other NWS forecast discussion products) still 
have a major weakness: although some forecast discussions 
are now written in easy-to-understand terms for the general 
user, many are still difficult to understand (e.g., Figure 4.4), 
making the forecast discussion not as widely useful as it 
could be. Given the AFD’s wide popularity, the forecast 
discussions might also be adapted into an easily accessible 
narrative public product that communicates forecast uncer-
tainty to nonmeteorologists. 

Finding: AFDs are popular NWS products that were 
designed as technical discussions to enhance collaboration 
among NWS offices and to convey uncertainty to a special-
ized audience. AFDs are now routinely accessed by broad 
user community and could be even more widely read and 
utilized if they were written for the even larger nonspecialist 
audience.

Recommendation 4.2: The NWS should release the AFD 
only in layperson English to facilitate its broad use and 
understanding. For more sophisticated users, NWS could 
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BOX 4.4
Communication of Forecast Information During the  

Red River Flood of 1997 in Grand Forks, North Dakota

 Unclear communication of uncertain forecast information can hinder decision making and have significant negative consequences. An example 
is the 1997 flood in Grand Forks, North Dakota (Figure 4.2). Although NWS prepared flood stage outlooks months in advance, and forecasters were 
aware that they were predicting a record-breaking, uncertain event, the outlooks were issued as just two deterministic numbers (expected flood stage 
and low stage). Members of the community interpreted this range of numbers in different ways, generally not realizing that a significantly higher flood 
was possible (Pielke, 1999; NRC, 2003b). As it turned out, the NWS flood crest forecasts were too low by several feet, until a few days before the 
flood crest (Figure 4.3, left panel). Although Grand Forks had made significant preparations based on the early outlook, the city was not adequately 
prepared for the higher flood, and the city experienced major flood damage. Many people blamed NWS for a blown forecast. According to Ken Vein, 
Grand Forks city engineer (May 4, 1997), “With proper advance notice we could have protected the city to almost any elevation . . . if we had known 
[the final flood crest in advance], I’m sure that we could have protected a majority of the city.” 
 A river stage forecast that communicated uncertainty more fully and clearly, such as the probabilistic product in Figure 4.3, right panel (which is a 
more recent NWS hydrologic product), may have led to better flood management decisions. In fact, Pielke found that the actual flood crest in this case 
was within the error range one would expect for such a forecast which could have been—but was not—communicated along with the forecast.

4-2
fixed image

FIGURE 4.2 Headline from The Forum newspaper, April 24, 1997. SOURCE: Forum Communications Company.

FIGURE 4.3 Left: Deterministic forecasts issued by NWS prior to the Red River flood of 1997. Right: Probabilistic river stage forecast from AHPS. SOURCE: NWS.

4-3a
fixed image

4-3b
fixed image

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


COMMUNICATING FORECAST UNCERTAINTY 71

FIGURE 4.4 Two examples of area forecast discussions, both containing technical terms and abbreviations that limit their communication 
of information to users without significant meteorological training or experience. SOURCE: NWS.

4-4
fixed im.

provide more detailed technical information linked to 
the AFD.

4.3.1.2 Climate Prediction Center Monthly and  
Seasonal Outlooks 

Near the middle of every month, the CPC provides predic-
tions of temperature and precipitation probability anomalies 
for the coming month, as well as seasonal (3-month) fore-
casts out to 12.5 months. Monthly outlooks are also updated 
at the end of the month. These predictions (or “outlooks”) 
are formulated as probability anomalies for three equally 
probable classes (below normal, near normal, and above 
normal). The anomalies now specify the probability assigned 
to the most likely class. The user must further examine the 
CPC Web site to determine the rules for distributing prob-
ability among the other two classes. The three classes are 
determined by dividing the normal distribution (for tem-
perature), fitted to observations made over 1971-2000, into 
three equally likely classes (terciles). Because the underly-
ing distribution for precipitation can be highly skewed, the 
observations are transformed into a normal distribution prior 
to dividing into terciles. 

The primary mode for providing these forecasts is maps 
depicting the probability value associated with the most 
likely category at each location. Areas with anticipated 
above or below normal values are labeled and color coded 

according to the strength of the probability anomaly; where 
none of the forecast tools has demonstrated statistically 
significant skill, the forecasters label the non-colored area 
as “EC” (Equal Chances; see Figure 4.5). The EC areas can 
be ambiguous because they may also indicate the forecast-
ers’ belief that each of the categories truly is equally likely. 
Other aspects of the maps can also be difficult for users to 
understand (e.g., what exactly are the meanings of the terms 
“above average,” “below average,” “equal chances,” and 
“normal”?). Morever, the maps do not convey all of the avail-
able or needed information. In particular, they prespecify the 
thresholds for each class (e.g., above average, below average, 
and normal), which limits users’ ability to obtain the informa-
tion that may be most useful. The EC areas are especially 
problematic as they provide no information about the likely 
distribution of values. 

To help users understand the rationale for specific fore-
casts, the CPC provides a discussion of the anomalies, which 
describes the sources of information and uncertainty used 
to develop the predictions. Technical discussions are also 
provided on topics such as the current state and evolution of 
the El Niño/Southern Oscillation. In addition, terminology 
definitions are provided. However, these discussions are 
likely not read or understood by many users.

The probability anomaly maps provide an indication of 
where conditions are likely to be in one of the four classes 
(e.g., above normal, below normal, normal, and equal 
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FIGURE 4.5 Sample seasonal outlook maps for temperature and precipitation. SOURCE: CPC, http://www.cpc.ncep.noaa.gov/products/SOURCE: CPC, http://www.cpc.ncep.noaa.gov/products/
predictions/90day/.

chance), but they do not directly indicate the expected 
median precipitation and average temperature values or the 
expected distribution of values. Thus, the CPC also produces 
maps of the “most likely anomaly” for 3-month temperature 
and precipitation forecasts1 (see Figure 4.6). These maps 
present contours of both the average anomalies as well as 
the climatologically average values. To supplement these 
maps, exceedance distribution graphics are available for each 
climate division (Figure 4.7). These plots present cumula-
tive distribution functions for average conditions, as well 
as shifted distributions of precipitation and temperature (if 
a shift from normal is predicted) based on the outlook. The 
anomaly values for precipitation are based on the difference 
between the medians of the “normal” and “final forecast” 
distributions. Thus, anomalies indicated on the precipitation 
outlooks are not really “most likely.” Rather there is a 50 per-
cent chance that the anomaly will be greater or less than the 
indicated value. The forecast distribution envelope is based 
on the expected sampling variability of the climatological 
probability of exceedence using 45 years of data.2 Thus, 
the anomaly distribution plots present the most complete 
information about the uncertainty in the forecasts by provid-
ing a complete distribution of possible values. The anomaly 
distribution plots provide sufficient information that a user 
can specify the precipitation or temperature threshold that is 
relevant for their use and obtain the associated probability. 
Some of this information is also available in tabular form.3 

1http://www.cpc.ncep.noaa.gov/pacdir/NFORdir/HOME3.shtml.
2http://www.cpc.ncep.noaa.gov/pacdir/NFORdir/INTR.html.
3For example, http://www.cpc.ncep.noaa.gov/pacdir/NFORdir/

HUGEdir2/cpcllftd.dat.

Finding: The graphics conveying monthly and seasonal 
outlooks are difficult for many users to understand and do 
not convey all the information (both graphical and tabular) 
that is available or needed. Exceedance probability distri-
butions provide the most complete information about the 
climate probabilities at particular locations. These distribu-
tions do not rely on pre-specified categories or definitions of 
“normals.” Overall, more research is needed regarding user 
needs for these graphical and tabular formats, as well as more 
forecaster-user interactions to provide two-way feedback on 
this and other products.

Recommendation 4.3: The CPC should provide full 
exceedence probability distributions of the projected 
monthly and seasonal temperature and precipitation 
values in both graphical and tabular forms. A straight-
forward graphical presentation of this information 
should be developed that is understandable to relevant 
user groups. 

4.3.1.3 Icons and Text Modifiers

Weather icons and text modifiers are becoming wide-
spread within the Enterprise as a method of communicating 
forecast information. Understanding how users interpret 
these graphics is therefore important in the context of com-
municating uncertainty. According to one study (Box 4.5), 
users’ interpretations of icons may even introduce perceived 
uncertainty when none is intended. 

In another example, from a local NWS office (Figure 4.8), 
it is unclear how users will interpret the message conveyed 
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FIGURE 4.6 Sample plot of most likely temperature and precipitation anomalies. SOURCE: CPC (http://www.cpc.ncep.noaa.gov/products/SOURCE: CPC (http://www.cpc.ncep.noaa.gov/products/
predictions/90day/).

in the product. For example, are the icons in the Tuesday and 
Thursday forecasts confusing given the accompanying text? 

More generally, there seems to be little knowledge of 
how weather forecast icons will be interpreted by users, and 
insufficient incorporation of users into the icon develop-
ment process. Fortunately, there is knowledge outside NWS 
and from other fields on how people interpret language and 
graphics (Chapter 2), and there are many ideas on how to 
use language and graphics to communicate uncertainty 
(e.g., Figure 4.9). Incorporating this knowledge into NWS 
and Enterprise efforts to communicate forecast uncertainty 

will create efficiencies and enable faster adoption of new 
methods. 

4.3.2 Consistency 

Conflicting messages can increase uncertainty or confu-
sion, hampering decision making. This section discusses 
the lack of consistency in use of uncertainty words and 
images. 

As noted in the preceding section, icons have the capa-
bility to communicate complex information in an easily 
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FIGURE 4.7 Example anomaly distribution for a 3-month temperature prediction for southwest Arizona. SOURCE: CPC.

4-7
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BOX 4.5
Internet Survey of Icon Interpretations

 In 2001, NBC4 in Washington, DC conducted an Internet-based surveya showing a cloud with one snowflake and a cloud with four snowflakes and 
asked respondents: What does picture B mean to you, in relation to picture A?b

 A B

Box 4-5
fixed image

 Overall, about half of the respondents thought the symbol with four flakes meant more snow, and slightly less than half thought it meant the forecast 
was more certain it would snow. In other words, many respondents interpreted a deterministic icon as if it were conveying uncertainty. This suggests that 
forecast providers cannot necessarily predict how users will interpret graphics without careful and thorough study of user interpretations and needs. 

aResults of online surveys, while interesting, are not necessarily representative of the entire user population (see section 2.4.1).
bSOURCE: NBC Universal. Any reuse of this material requires the express written consent of NBC Universal.
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FIGURE 4.8 Example of potentially confusing icons and accompanying text. SOURCE: NWS.

FIGURE 4.9 Symbols for communicating uncertainty. SOURCE: Reprinted with permission from Human Factors, Vol. 47, No. 4, 2005. 
Copyright 2005 by the Human Factors and Ergonomics Society. All rights reserved. 
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accessible way. However, the icons that accompany the 
digitally generated forecasts on NWS homepages are some-
times inconsistent with the accompanying numerical/text 
forecast. In some instances, these “icon forecasts” can be 
more confusing than helpful; for example, the same icons 
are sometimes used for a variety of forecasts (Figure 4.10) 
and, indeed, significantly different forecasts.

Uncertainty words are used inconsistently within NWS 
and, more generally, across the Enterprise. This inconsis-
tency makes it challenging for users to calibrate the mean-
ing of uncertainty forecasting terms based on experience. 
In addition, such inconsistency is sometimes evident in 
different products from the same NWS office during the 
same period. Box 4.6 contains an extended example from 
one local NWS office. 

Local innovation and individual forecaster creativity 
within NWS is important to help the agency serve local 
and national needs. But by relying on evolving, ad hoc, and 
experimental systems without more extensive, consistent, 
and scientifically valid communication techniques, NWS’s 
communication of uncertainty information may be inter-
preted differently by users looking at different products from 
the same NWS forecaster. A variety of products is needed 
to effectively communicate uncertainty to the broad range 
of users that NWS serves. But these need to be consistent 
across all regions, platforms, and product language and com-
munication methods. Related to this, the NRC Fair Weather 
report (NRC, 2003a) recommends that “NWS headquarters 
and regional managers should develop an approach to man-
aging the local forecast offices that balances a respect for 
local innovation and creativity with greater control over the 
activities that affect the public-private partnership, especially 
those that concern the development and dissemination of new 
products or services.” 

Finding: A variety of products is needed to communi-
cate uncertainty to a broad range of users. Consistency of 
 language, icons, and graphical representations of uncertainty 
among all these products is critical for the effective com-
munication of uncertainty information. A necessary first 
step toward ensuring consistency is understanding users’ 
interpretations.

Recommendation 4.4: To ensure consistency in the 
communication of uncertainty information and user 
comprehension, NWS should more fully study and 
standardize uncertainty terms, icons, and other com-
munications methods through all pathways of forecast 
dissemination. 

4.3.3 Dissemination Technologies 

The main channels through which NWS distributes 
information directly to the user are the NWS home pages 
(such as those of the Storm Prediction Center, Tropical 
Prediction Center, Hydrometeorological Prediction Center, 
and the various Weather Forecast Offices), National Oceanic 
and Atmospheric Administration (NOAA) Weather Radio 
(NWR), and the Emergency Managers Weather Information 
Network (EMWIN). In addition, NWS distributes informa-
tion to intermediaries through the NOAA Weather Wire 
Service (NWWS), Interactive Weather Information Network, 
NOAAPORT, and Family of Services. 

NWR and NWS home pages have formats in which NWS 
can and already does incorporate uncertainty information 
into forecasts. Systems such as the NWWS and/or EMWIN, 
which emergency managers and some private-sector entities 
(e.g., utilities, transportation industry) use to receive NWS 
forecasts and special weather statements, can also be used to 
communicate uncertainty information through text descrip-
tions. In addition, both NWWS and EMWIN allow display of 
graphical products that could communicate uncertainty. 

Dissemination technologies are evolving rapidly, affect-
ing how NWS and the other members of the Enterprise 
approach communicating uncertainty information. Com-
munication devices such as cell phones, personal digital 
assistants (PDAs), portable MP3 players, computer toolbar 
“bugs,” and pagers have become commonplace, and the 
Enterprise is moving closer to being able to communicate 
information to nearly anyone, anytime, anywhere. 

These developments present both opportunities and 
challenges. The opportunity is that the Enterprise can now 
reach more people in more places and at more times than 
ever before. One challenge is to understand the strengths 

FIGURE 4.10 Examples of graphics used to communicate different Probability of Precipitation (PoP) forecasts in NWS public forecasts. 
SOURCE: NWS Web pages.
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 Four forecast products containing uncertainty words or graphics 
are used in this example: the text forecast (Figure 4.11) for March 5 to 
11 (Sunday to Saturday), the hourly weather graphs for the Sunday to 
Tuesday in that period (Figure 4.12) and Friday and Saturday of that 
period (Figure 4.13), and the digital IFPS product for the Sunday through 
Wednesday (Figure 4.14). For the same period of time on the Sunday 
afternoon, and for the same region, different NWS products generated by 
the same local office present the short-term forecast for the snow event 
as any one of 

 1.  “Periods of snow” (public text forecast product; Figure 4.11)
 2.  Snow “occl” (occasional) (hourly graph product; Figure 4.12)
 3.  Snow def (definite) (digital product; Figure 4.14)

 Users looking at different products are likely to have different 
interpretations, and users looking at multiple products are likely to be 
confused. In addition to this inconsistency, Figure 4.12 indicates no 
precipitation in its lower panel concurrently with showing the PoP at 
21 percent (middle panel), whereas the same percentage PoP triggers 
“chc” or chance of rain in Figure 4.13. Furthermore, this product (Figure 
4.13) generates the category “occasional” for a PoP of 100 percent on 
Sunday, March 5. This could confuse users who are not familiar with 
the official meteorological definition of PoP. Other products communi-
cating uncertainty in the same forecast are also available, such as the 
Hydrometeorological Prediction Center’s (HPC’s) snow product (Figure 
4.15). Users could derive value from this product, but many are unlikely 
to be aware of it because it is not linked from the local forecast. 
 The local Area Forecast Discussion for the same region and time as 
in Figures 4.11 to 4.14 (not shown here) provides sophisticated users 
with additional insights into the forecast situation. For the March 5 
snow event, the forecaster also prepared a simpler discussion, called 
a “regional synopsis” (Figure 4.16). The technical discussion gives 
useful additional information about the forecast situation, including the 
forecaster’s insight into uncertainty. This includes mention of possible 
rain/snow mix and slush—potentially important information for a range 
of users—whereas the public text forecast (Figure 4.11) is only for 
“snow.” The regional synopsis describes the coming event as a “mixed 
bag” (a phrase with unclear meaning) and uses “possible,” this time to 
describe snow accumulations. 

FIGURE 4.11 Text forecast for Sunday, March 5 to Saturday, March 11, 2006. 
SOURCE: NWS. 
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BOX 4.6
Consistency in Communicating Forecast Uncertainty Using Words and Graphics

Continued
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FIGURE 4.12 Hourly weather graph for Sunday, March 5 to Tuesday, March 7. SOURCE: NWS. 
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BOX 4.6 Continued
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Continued4-13
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BOX 4.6 Continued

FIGURE 4.13 Hourly weather graph for Friday, March 10 to Saturday, March 11. SOURCE: NWS. 
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BOX 4.6 Continued

FIGURE 4.14 Digital IFPS forecast product for Sunday, March 5 to Wednesday, March 8. SOURCE: NWS.
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Continued

FIGURE 4.15 Probability of snow accumulation. SOURCE: NWS Hydrometeorological Prediction Center.
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BOX 4.6 Continued
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FIGURE 4.16 Regional synopsis for northern Illinois and northwest Indiana, Sunday, March 5. SOURCE: NWS.
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BOX 4.6 Continued
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and weaknesses of each new communications platform, 
with respect to conveying uncertainty information, and to 
optimize the strengths and minimize the weaknesses. For 
example, cell phones and PDAs have a limited capacity 
for receiving and conveying information; nonetheless, their 
usage continues to expand and bandwidth limitations will 
be reduced. Thus, a strategic approach to utilizing these 
and other evolving technologies is to recognize the current 
limitations, track the actual and potential evolution of these 
technologies, and, most importantly, identify and tailor 
communications products for them because they enable 
broad and rapid dissemination of uncertainty information. 
As the Enterprise considers the incorporation of uncertainty 
information into products, these opportunities and challenges 
will have to be understood and incorporated into the product 
development processes. Finally, even as more—and soon the 
majority of—forecast uncertainty information is provided 
to users through “new” media, NWS and the Enterprise will 
still need to serve users who receive their forecasts through 
long-standing “traditional” media including television, news-
papers, and radio.

The dramatic recent increase in Internet usage has also 
changed how NWS and Enterprise disseminate forecast 
information. For example, the Enterprise now routinely con-
veys complex forecasts and supporting information, includ-
ing graphical and visual information, through the Internet 
(e.g., Box 4.5). Indeed, NOAA and NWS home pages and 
information sites are already the most frequently visited 
government sites on the Internet.4 Looking ahead, Internet 
technology could help NWS meet the needs of both special-
ist and nonspecialist users alike by allowing individual users 
to select the format and detail of uncertainty information 
most appropriate for them. Such technology could also help 
disseminate the increased amount of forecast uncertainty 
information. For example, the NWS home page could present 
limited, relatively simple uncertainty information, such as 
forecaster confidence, high/low temperature ranges, and PoP 
and precipitation type, with a one-sentence summary of the 
weather situation. Visitors to the site could have the option to 
click on the basic information to view graphics that give more 
detailed uncertainty information about different aspects of 
the forecast situation, a text discussion of the uncertainty in 
the forecast situation, and so on. In addition, the information 
could be viewed in different presentations (e.g., as a map, as a 
graph of temporal evolution at one location, or as a pdf at one 
location and time). Additional “clicks” would allow special-
ist visitors to drill down to obtain more detailed uncertainty 
information or to download digital information that they 
could incorporate into their own analyses or value-added 
products. Such a capability would be facilitated by the devel-
opment of a database of uncertainty information, such as 
the National Digital Guidance Database (Chapter 3) and the 
modifications to IFPS proposed in recommendation 4.1.

4Jack Kelly, NOAA, in presentation at AMS Annual Conference, 2006.

4.3.4 The Role of the Traditional Media 

The majority of weather information in the United States 
is communicated to users through intermediaries, particu-
larly the media industry. This industry is composed of two 
parts—the new media (e.g., Internet, cell phones, pagers, 
bugs) and the traditional media (e.g., television, radio, 
newspapers). Weather forecasts and products are one of the 
primary sources of “hits” and “page views” on the Internet, 
and although weather information on the Internet and other 
new media continues to rapidly expand, television (includ-
ing cable) is still the public’s primary source of weather 
information. 

The media industry as a whole can be considered both 
“gatekeeper” and a principal partner with NWS in the com-
munication of forecasts, warnings, and uncertainty informa-
tion. As such, intermediaries, and specifically the media, 
play a critical role in communicating forecast uncertainty 
and addressing the challenges presented in doing this effec-
tively. To fully understand the implications of this situation, 
it is helpful to understand the business fundamentals of the 
media industry.

The vast majority of the revenue generated in media 
comes from advertising. Advertisers pay to have their 
 message seen by as many potential customers as possible. 
Advertisers also pay a premium to have their message deliv-
ered to certain “target” customers. When the media com-
municates hydrometeorological information, the quality of 
the information content itself is only one of several factors 
affecting the recipient’s overall perception of quality of the 
product. Other environmental components that directly affect 
audience attraction and retention include the personalities 
presenting the information, the aesthetics of the visuals, and 
the effectiveness of promotion.

The media industry is also highly competitive. Adver-
tising budgets are limited and any advantage can make a 
critical difference in where those dollars are spent and the 
profitability of media entities. Similarly, any disadvantage 
is often very costly. Including uncertainty information in a 
forecast may be viewed by some media industry managers 
and advertisers as a demonstration of weakness, hedging, 
lack of credibility, or lack of skill instead of as providing a 
better, scientifically sound, and more useful product. In fact, 
this is probably one of the main drivers of what might be 
called the “pretend determinism” that exists in many media 
presentations today. On the other hand, savvy media enti-
ties could regard the inclusion of uncertainty information in 
forecasts as a competitive advantage. 

Changing this deeply embedded legacy will be difficult 
and require significant time and determination. Nonetheless, 
there is basis for hope. For example, the news media adopted 
the hurricane cone of uncertainty (Figure 1.6), which dramat-
ically illustrates uncertainty in the hurricane track forecast, 
not long after NWS’s Tropical Prediction Center developed 
it. Similarly, many media presentations now include the 
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PoP (Box 4.7) within text or graphics as they have found 
users find the probability useful to their decision making 
even though they may not understand exactly the correct 
definition of “PoP.” Products that effectively communicate 
uncertainty will be adopted by the media and advance the 
public understanding of uncertainty and utility in decision 
making. Effective and ongoing partnerships between the 
media and other parts of the Enterprise, along with education 
of the public and the media, will be critical for acceptance 
of uncertainty by the user community. NWS is positioned to 
catalyze this process. 

4.4 ROLE OF USERS IN THE PRODUCT 
DEVELOPMENT PROCESS

The shift from a deterministic to a probabilistic approach 
to communicating forecasts represents such a fundamental 
change in the presentation of information that user percep-
tions and opinions will be needed throughout the product 
development process. Thus, it is important to consider 
 venues for user consultation by NWS, the approach to 
 product development at NWS, and ways in which collabora-
tion with users could be improved. 

The need for attention to user interaction on product 
development is recognized in several earlier NRC reports. 
In A Vision for the National Weather Service: Road Map 
for the Future (1999b), the NRC recommended that NWS 
“routinely examine and anticipate the needs of primary 
customers and ultimate users.” In Making Climate Fore-
casts Matter (1999c), the NRC emphasized that there was a 
need “to bring scientific outputs and users’ needs together,” 
specifically through the use of surveys and structured discus-
sions. In Fair Weather: Effective Partnerships in Weather 
and Climate Services (2003a), NRC recommended that 
NWS establish an independent advisory committee to gather 
feedback from users, representing all sectors, on weather and 

climate matters. Discussions within NOAA on this option 
are under way. 

NWS uses a variety of mechanisms for interacting with 
users and getting feedback on its products. These include 
 formalized workshops and local meetings with public offi-
cials, emergency managers, the media, and other weather-
sensitive groups. In addition, and usually at the local level, 
direct informal one-on-one communications take place. 
For example, NWS staff at the Weather Forecast Offices 
or Regional Forecast Centers (RFCs) work regularly and 
directly with users, especially larger customers. 

Other venues for user interaction are national meetings of 
professional organizations (e.g., the American Meteorologi-
cal Society), annual NWS partner meetings, NOAA data and 
information user workshops, and annual meetings of target 
user communities (e.g., the space weather community5). 
Such interactions can also lead to new forecast uncertainty 
products; for example, a new probabilistic seasonal forecast 
product originated from six user workshops held at the RFCs 
during 1994.6 

In addition, NWS gathers user feedback through its Web 
pages and through Customer Satisfaction Surveys. Although 
such feedback does provide a snapshot of user issues, such 
surveys may be insufficient to fully understand and address 
user needs because they may lack detail, may not be a 
representative sample, and may not be designed to develop 
a thorough understanding of how to more effectively com-
municate uncertainty information. Such surveys are not a 
substitute for formal research or for effectively collaborating 
with users (Chapter 2).

Last, NWS has stated7 that it can collect user advice 
through the NOAA Science Advisory Board (SAB) and 
the NRC (e.g., this committee). However, neither SAB nor 
NRC can provide the dedicated, continuous, and long-term 
forum that user interaction deserves. In addition, SAB may 
not be the appropriate venue for dealing with the details and 
nuances of forecast uncertainty information and how it is 
presented and disseminated. 

Although NWS uses a range of mechanisms for gather-
ing user perspectives, these perspectives are not formally 
or consistently sought throughout the product development 
process. New products can appear to users to be more 
technologically driven than scientifically or user driven. 
NWS’s policy for developing new and enhanced products 
and services is given by NWS Directive 10-102 (approved 
August 28, 2002; Box 4.8).8 The NOAA Partnership Policy 
(Box 1.3) also bears directly on the product development 
process.

5Kent Doggett presentation, September 21, 2005.
6Ed O’Lenic presentation, August 4, 2005.
7In its response to a set of questions from the committee.
8Of note, NWS exempts numerical prediction guidance products from 

Directive 10-102.

BOX 4.7
Probability of Precipitation

 PoP forecasts have been provided for several decades and 
are an example of uncertainty forecasts that the public and other 
users have accepted and used. The public’s understanding of the 
technical meaning of the forecasts has been debated for years, 
yet the public does appear to understand PoP sufficiently well to 
find it useful (Murphy et al., 1980; Gigerenzer et al., 2005; NOAA 
Technical Memorandum NWS AR-44). Numerous presenters of 
forecasts to the public have found that whereas news management 
may want simple deterministic pronouncements, the public does 
use the PoP in their decision-making process. 
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Although Directive 10-102 discusses user needs and 
requires user feedback, it does not require or discuss sus-
tained feedback from the broader Enterprise from the earliest 
stage of the product development process. In the first stage, 
new or amended NWS products can be proposed at any level 
within NWS. These products must solely meet a requirement 
of mission connection to NWS. The subsequent experimental 
phase involves customer feedback and comment on prefer-
ences, but does not include objective evaluation of how the 
product will be interpreted by different users, or how users 
might make better decisions using the product. Evaluation 
of NWS products is largely conducted by outside survey 
organizations that seek to measure customer satisfaction 
(which may not necessarily mean understanding of or best 
decision making with the product, especially with respect 
to communicating uncertainty; Chapter 2). In addition, and 
with the recent exception of a product developed in the 
Hydrologic Services Division,9 products are rarely scientific 
evaluated from perspectives outside the atmospheric and 
related physical sciences (e.g., by social scientists) prior 
to product implementation. In fact, social science expertise 
within NOAA is presently underutilized.10

Finding: The official NWS process for developing new 
products does not formally engage the user throughout the 
product development process. Rather, it seeks feedback 
when the product already has gained significant momentum. 
Moreover, the feedback obtained often fails to rigorously and 
comprehensively evaluate the product’s effectiveness. 

Recommendation 4.5: NWS should extend NWS Direc-
tive 10-102 to require collaboration with users on prod-
uct development throughout the development process. 
Moreover, users’ comprehension and interpretation of 
products should be formally evaluated at several stages 
during the product development process.

Processes for collaborating with users throughout the 
product development process will need to accommodate the 
complexities involved in disseminating and communicating 
forecasts to a wide variety of users, and how those users 
incorporate forecasts into their decision making. Such com-
plexities highlight the need for a rigorous and sustained effort 
that draws on a broad range of expertise, including from the 
social sciences. These complexities, for example, include 
users being reached directly or through intermediaries who 
add value to NWS products; the diversity in technical sophis-
tication and ability to utilize products among users; and the 
constant evolution of technology and user needs, as well as 
the user population itself. 

9Information provided to the committee by NOAA describes recent 
 efforts by the NWS Hydrologic Services Division to engage users, commu-
nicators, and outside expertise at the initial stage of product development. 

10Presentation by Rodney Weiher to the NOAA SAB, March 2006. 

Fortunately, there are several examples where units 
of NWS have worked, or are working, effectively with 
users. These efforts could serve as models as NWS refines 
its product development process. Possible case studies 
include the development of the AHPS, the NWS Regional 
Climate Services (for example, in the Central Region), and 
the Regional Integrated Sciences and Assessment (RISA) 
program (e.g., the RISA in Arizona). There are also many 
models to draw from outside NWS—at public institutions 
(e.g., the NCAR-RAL partnerships with the Federal Aviation 
Administration and Federal Highway Administration) and in 
the private sector.

4.5 RESEARCH AND DEVELOPMENT PROGRAM  
TO IMPROVE COMMUNICATION OF  
FORECAST UNCERTAINTY

Without a stronger knowledge base, NWS and broader 
Enterprise efforts to improve communication of forecast 

BOX 4.8
NWS Directive 10-102

 NWS Directive 10-102 describes in detail the process of, and 
framework for, developing a new product or service or changing 
an existing one, including the development of an internal Product/
Service Description Document (PDD). The directive requires 
internal sponsors of a new product to discuss its intended use and 
audience; its Appendix B states that “[n]ew products should be 
developed to satisfy valid user needs/requirements.” The directive 
also discusses seeking external review and comment upon pro-
posed products and services, stating that “NWS will seek ongoing 
user feedback on official [operational] products.” Moreover, the 
directive dictates that NWS will include a feedback statement with 
each product (one that identifies an actual person responsible for 
collecting feedback) or otherwise provide a feedback notice to the 
public.a Feedback must be reviewed at least annually.
 The procedures outlined in Directive 10-102 clearly mandate 
the involvement of users in product development, depending, of 
course, on how well this directive is actually implemented in prac-
tice. It does not, however, require or even mention the involvement 
of users in concept development; rather, users are not formally 
involved in new product development until the experimental stage, 
when a product is nearly complete. Further, the PDD itself, the key 
document that initiates the product development process within 
NWS, does not require any user input or external review.

aFeedback can also be collected via an Office of Management and Budget-
approved customer survey included as an appendix to Directive 10-102.
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uncertainty will be inefficient and perhaps ineffective. A 
sustained research and development program to improve 
communication of uncertainty in hydrometeorological fore-
casts is therefore needed (see also recommendation 4.4). 
Research on communicating uncertainty is ongoing in many 
disciplines and sectors outside NWS. For example, there is a 
body of knowledge about communication of uncertainty and 
risk in weather, climate, and hydrology, as well as in areas 
such as medicine and natural and technological hazards (see 
Chapter 2). Much of the existing research identifies “don’ts” 
and important factors to consider when communicating 
uncertainty. Yet many questions remain unanswered, particu-
larly about how to better communicate uncertainty (“dos”), 
how to do so in the hydrometeorological forecasting arena, 
and how to do so in ways that meet different users’ needs. 

The topic of communicating uncertainty is broad, includ-
ing all sectors of the Enterprise, and there are many important 
research questions to be addressed. Moreover, the forecast 
and communication environments are continuously evolv-
ing. Thus, rather than identify specific prioritized research 
questions, the committee recommends a process for NWS, 
in partnership with the Enterprise and others, to identify and 
address key research questions. Examples of possible initial 
directions include understanding (1) the needs of users for 
uncertainty information and incorporating these needs into 
communication techniques; (2) how to effectively partner 
with the media and other intermediaries to improve uncer-
tainty communication; (3) whether, when, and how to com-
municate uncertainty in short-term warnings for hazardous 
weather-related events; (4) what is the relative effectiveness 
of communicating uncertainty in different ways to users 
(e.g., as forecast confidence versus different forms of proba-
bilistic forecasts); and (5) how to effectively design icons and 
other visual tools.

To select research directions and develop them into 
focused research and development efforts, NWS will need 
to partner with members of the academic, public, and private 
sectors on a regular basis to survey existing knowledge, 
specify priority areas, and develop implementation strate-
gies. One mechanism for doing so is through testbeds (see 
Chapter 3). To gather a full picture of existing knowledge 
and needs within NWS, the process of selecting and devel-
oping research directions will benefit from communication 
between NWS headquarters, national centers, and regional 
and local offices. 

A key component of this broad program is for NWS to 
acquire core in-house expertise in relevant social sciences 
(recommendation 2.4). This in-house expertise is needed to 
(1) conduct research, particularly in response to short-term 
needs; (2) help NWS identify priority research questions 
and appropriate methods for answering them; (3) help NWS 
identify and engage relevant external social science or other 
expertise; and (4) assist with product development. In addi-
tion, there is a large external community, particularly in 
academia, with relevant expertise that could significantly 

advance this effort. Because most of these researchers rely on 
funding support, they tend to focus on topics for which more 
funding is available. One way, then, to engage the academic 
research community in helping NWS and the Enterprise as 
a whole improve communication of uncertainty is to draft 
Requests for Proposals (RFPs) on questions of overlapping 
interest. These RFPs could be developed and put out by 
NWS/NOAA on its own, or to leverage additional funding 
to address research questions of mutual interest, through 
NWS/NOAA partnerships with other entities. For example, 
questions that have fundamental as well as applied aspects 
might be addressed through joint efforts with the National 
Science Foundation (in addition to linking with the private 
sector), whereas questions that focus on communication with 
specific user groups served by NWS might best be addressed 
through joint efforts with other federal mission agencies, also 
in partnership with the private sector as appropriate. Other 
mechanisms for NWS and the Enterprise to put relevant 
questions about uncertainty communication on the national 
and international social science agendas include funding visit-
ing scientist programs, student internships, and dissertation 
and post-doctoral fellowships. Such programs can also train 
future researchers in this area and train future forecasters and 
users in key aspects of uncertainty communication. In all, 
because of the complex, interdisciplinary nature of the topic, 
this research and development effort will need to employ a 
mix of strategies to be successful and enduring.

Questions on communication of uncertainty in areas 
beyond hydrometeorological forecasting are of critical inter-
est to a variety of communities, both within the Enterprise 
and more broadly. Thus, NWS interests in this area have 
significant overlap with a number of other entities across 
society. This has several implications. First, there are groups 
already studying and implementing more effective communi-
cation of uncertainty that NWS will benefit from engaging. 
Second, there are ample opportunities for NWS to partner 
with other groups in developing and implementing joint 
initiatives, leveraging available funding. Third, the results of 
a program on communication of forecast uncertainty can be 
used in other areas of risk communication such as medicine, 
terrorism, and other disasters. 

Last, methods of communicating hydrometeorological 
uncertainty are being explored or implemented in several 
other countries (see examples in Annex 4). In developing and 
testing methods for uncertainty communication, NWS will 
benefit from regular consultation with foreign hydrometeo-
rological services to share experiences and lessons learned. 
From a global perspective, the World Meteorological Orga-
nization (WMO) can be a useful venue for international 
dialog on experiences with communication of uncertainty, 
research initiatives, and “best practices.” In addition, WMO 
has training programs for weather presenters and communi-
cators in many developing countries. Effective communica-
tion of forecast uncertainty, built on international dialog on 
such matters (perhaps led by NWS and the U.S. permanent 
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representative to WMO), could help regions with weather 
risks worldwide. 

4.6 EDUCATION AND TRAINING NEEDS

The research and development aspects of communicating 
uncertainty will include and lead to education and training of 
all parties participating in generating, communicating, and 
using hydrometeorological forecasts. Here “education” is 
used in a broad sense and involves communication, under-
standing, and learning. 

Implementation of this report’s recommendations will 
change how the Enterprise operates and will lead to adoption 
of new forecast techniques, products, and communication 
tools by all sectors. But this will only happen if all Enter-
prise partners are actively involved in “turning the ship” and 
are working in a mutually supportive framework. Education 
initiatives will need a strong commitment by all sectors of the 
Enterprise and include a wide variety of participants—from 
elementary school teachers and students to emergency man-
agers, media managers, and communicators. Such initiatives 
include undergraduate education of future hydrometeoro-
logical professionals and continuing education and training 
of all who communicate hydrometeorological information 
and forecasts (especially those working in the media). And 
these initiatives will rely on a two-way interaction that 
involves effectively communicating new information while 
also soliciting feedback to further improve communication 
and understanding. 

Most forecasters begin their education in an undergraduate 
program such as a meteorology program. Current standards 
for undergraduate meteorology programs established by 
the federal government and the American Meteorological 
Society (Smith and Snow, 1997) have no requirement to 
cover uncertainty, use of probabilistic information, and how 
forecast-related information is used in decisions. Without 
this material in their curriculum, many meteorology students 
are not adequately prepared for future careers in generating, 
communicating, or using hydrometeorological foreasts that 
include uncertainty information.

Training courses are a critical vehicle for forecasters’ con-
tinuing education, once they have graduated. These courses 
convey the latest insights and techniques that enhance fore-
cast generation and communication. Such courses could 
deliver relevant information and training on communicating 
uncertainty information. With respect to the training compo-
nent, academia and government laboratories could partner on 
developing coursework that addresses forecast uncertainty.

A hydrometeorological forecast is often only one piece 
of a broader spectrum of information being integrated into a 
decision (Chapter 2). As the human role in conveying proba-
bilistic forecast information becomes increasingly focused 
at the interface between forecast systems and user decisions 
(e.g., functioning as the “science integrator” who takes what 
is known about the science and communicates it to decision 

makers), academic and other training programs will need 
to adjust their content accordingly. This adjustment may 
entail adding material into existing courses or by offering 
elective courses that focus on communication, probability, 
and decision issues facing weather- or climate-sensitive 
decision makers. 

Because members of the public receive most of their 
forecasts from the media, the media will play a critical role 
in helping the public understand and use new uncertainty 
products. Take, for example, PoP forecasts (Box 4.7). The 
value derived from PoP forecasts is in no small part due to 
the long-term efforts of the Enterprise, especially media 
meteorologists and weathercasters, in educating users about 
PoP. Even if many members of the public do not know the 
exact meteorological definition of PoP, many still consider 
this uncertainty information useful (e.g., Figure 4.17). The 
broad familiarity with the hurricane track probability forecast 
(Section 4.3.4) is another case in which the media played 
a critical role in facilitating acceptance of an uncertainty 
product and educating the public about its meaning. Includ-
ing probabilities within the cone presents an opportunity for 
improving public understanding of uncertainty forecasts. 

SUMMARY

Even the “best” uncertainty information will not serve 
its ultimate purpose—helping users make better decisions 
that enhance socioeconomic value—unless that information 
is effectively communicated. Although a variety of forecast 
uncertainty products are available from NWS and others in 
the Enterprise, some of these products do not communicate 
uncertainty as effectively as they could. Moreover, most 
 publicly available forecast products often communicate little 
or no uncertainty information. Changing from the current 
paradigm of primarily deterministic forecast communica-
tion will be a major shift, requiring a concerted, coordinated 
effort by NWS in partnership with others in the Enterprise.

The use of uncertainty information in decision making is 
complex. Learning to communicate uncertainty effectively 
will therefore require consideration of three factors. First, 
effective communication must incorporate an understanding 
of user needs for uncertainty information and how users will 
apply it. Such understanding must be based on social science 
research and close interactions with users starting early in 
the product development process. Second, effective com-
munication requires considering and preventing potential 
user misunderstanding and confusion that can result from 
inconsistent communication and ineffective use of uncer-
tainty language and graphics. Third, effective communica-
tion of uncertainty requires understanding the key roles that 
dissemination mechanisms and technologies and the media 
play in conveying forecasts. This chapter provides several 
recommendations to help NWS and the Enterprise shift to a 
new paradigm of clear, effective communication of forecast 
uncertainty that is consistent with scientific understanding 
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FIGURE 4.17 TV/Internet survey results of the user utility of PoP in graphic forecasts. SOURCE: Courtesy of NBC Universal. Any reuse 
of this material requires the express written consent of NBC Universal.

4-17
fixed imageof the atmosphere and hydrosphere and knowledge of how 

uncertain information is used in decision making. These 
include developing comprehensive education and training 
efforts and a dedicated, long-term research and development 
program to improve uncertainty communication in hydro-
meteorological forecasts. 

ANNEX 4 
EXAMPLES OF UNCERTAINTY COMMUNICATION  
APPROACHES AND PRODUCTS

This Annex presents examples of the range of uncertainty 
communication approaches and products. The committee 
sought examples from a variety of sources, including NWS 
management and individuals from NWS, other government 
agencies, the private sector, and academia. These examples 
included operational, experimental, and proposed products, 
primarily from weather, climate, and hydrological forecast-
ing, but also from other fields. 

Maps are useful for communicating spatial distributions 
of forecasted variables and their uncertainty. They can 
 represent forecasts at a specific time, over a specific period, 

or as a coherent weather feature (such as a hurricane or 
winter storm) evolves and moves. One way of using maps 
to communicate forecast uncertainty is to portray the spatial 
distribution of the likelihood of an event (e.g., tornado) or of 
a parameter exceeding a specified threshold (e.g., precipita-
tion greater than one inch). Figure 4A.1 shows two examples, 
one containing numerical probabilities and the other contain-
ing qualitative likelihoods. 

A second way of using maps to communicate forecast 
uncertainty is to portray the spatial distribution of minimum/
mean/maximum expected (or 10/50/90 percent exceedance) 
values of a parameter (Figure 4A.2). Maps can also be used 
to portray the likelihoods of different scenarios in different 
regions (Figure 4A.3). Another method of communicat-
ing uncertainty using maps is to overlay a map of mean or 
expected values with a map of uncertainty or confidence 
(Figure 4A.4). 

The example maps above primarily use contours to rep-
resent values. When values are depicted using numbers or 
other symbols, uncertainty can be portrayed using different 
symbol sizes or colors (Figure 4A.5). 
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FIGURE 4A.1 (a) Forecast of tornado probabilities at different locations (SOURCE: Operational NWS product generated by SPC).  
4A.1 (b) Forecast of likelihood of significant river flooding at different locations. SOURCE: Operational NWS product generated by HPC.

4A-1a
fixed im.

4A-1b
fixed image

a

b
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4A-2

FIGURE 4A.2 Upper bound (90 percent exceedance) and lower bound (10 percent exceedance) 48-hour forecasts of temperature at 2 m in 
the northwestern United States. SOURCE: MURI research group at University of Washington, http://www.stat.washington.edu/MURI/.
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4A-3
fixed im.

FIGURE 4A.3 8- to 14-day temperature outlook. SOURCE: Operational product generated by NOAA CPC.

Maps can also be used to communicate how uncertainty 
associated with a moving feature, such as a hurricane or 
winter storm, evolves with time. One such type of map 
depicts uncertainty in a feature’s location along its track; an 
example for hurricane track forecasts was shown in Figure 
1.5, whereas Figure 4A.6 shows an example for midlatitude 
low-pressure systems. Uncertainty in the weather associated 
with a feature (e.g., wind) at different times along its track 
can also be depicted (Figure 4.1).

Graphs communicating uncertainty can take many forms. 
One type of forecast uncertainty graph depicts the temporal 
evolution of a quantity of interest, with uncertainty repre-
sented using an ensemble of multiple temporal trajectories, 
box and whisker plots at each time, or probabilities of 
exceedance of one or more thresholds at each time. The 
example shown in Figure 4A.7 uses box and whisker plots 
to communicate how uncertainty in two forecast parameters 
increases and evolves with time.

A related type of graph is the temporal evolution of the 
probability of a certain event (such as precipitation) or mul-
tiple events (rain, snow, and ice; Figure 4A.8). Another type 
of graph, commonly used by scientists but probably less 

easily understood by many members of the public, is a prob-
ability density function (PDF) of a variable at a specific loca-
tion and time (Figure 4A.9). As noted in Section 4.3.3, with 
Internet technology and in sophisticated decision-support 
systems, these types of maps and graphs can be combined. 
For example, a general map or graph can be presented first, 
allowing users to click on a location or time of interest and 
obtain a more specific graph or PDF.

Most maps and graphs used to communicate uncertainty 
in hydrometeorological forecasts are two-dimensional. How-
ever, three-dimensional representations can also be used (see, 
e.g., the NRC’s Board on Mathematical Sciences and their 
applications workshop “Toward Improved Visualization of 
Uncertain Information”), as well as movies. 

Tables and charts can communicate uncertainty using 
numbers, words, icons (symbols), or a combination. Two 
examples are shown in Figures 4A.10 and 4A.11 (see also 
Figure 1.4).

Narratives can be used to communicate uncertainty 
orally or through written text. Three examples of narra-
tive forecasts are the NWS forecast discussions written by 
WFO, HPC, TPC, CPC, and other NWS/NOAA forecasters; 
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4A-4
fixed im.

FIGURE 4A.4 500-mb day 3 forecasts generated by HPC (green lines) and NCEP ensemble mean (black lines), overlaid with NCEP ensemble 
spread (filled contours). SOURCE: Experimental NWS product generated by HPC.

4A-5
fixed im.

FIGURE 4A.5 Example of how symbol size can be used to communicate level of uncertainty. SOURCE: Presentation to the committee by 
Ed O’Lenic, NWS. 

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


COMMUNICATING FORECAST UNCERTAINTY 93

4A-6

FIGURE 4A.6 Low-pressure system forecast tracks: preferred tracks and track uncertainty. SOURCE: Experimental NWS product generated 
by HPC.

NWR; and TV forecasters presenting a forecast. Figure 4.4 
shows an example of the NWS AFD. Often, but not always, 
narratives accompany one or more maps, graphs, or tables/
charts. Narratives are versatile; they can be used to describe 
uncertainty in ways ranging from indications of forecaster 
confidence to scenarios of different ways that weather events 
might evolve. As noted in Chapter 2, however, uncertainty 
words are often ambiguous, meaning that using words to 
convey uncertainty can result in ineffective communication 
or even miscommunication. 

As illustrated above, NWS and other members of the 
Enterprise issue a number of forecasts that include uncer-
tainty information. Nevertheless, as discussed in Chapter 1, 
most forecasts received by the public and many users still 
contain little or no information about uncertainty. A prime 
example is NWS’s public weather forecasts produced by 
the IFPS and distributed as NDFD (Chapter 3). The only 
element within the IPFS and NDFD operational system that 

provides uncertainty information is the PoP. Variables such 
as temperature, dew point, and sky cover are generated as 
single (deterministic) values out to 7 days, with no change in 
format as lead time (and thus uncertainty) increases (Figure 
4A.12). The basic suite of NWS public forecasts are now 
automatically generated from NDFD by IFPS, with limited 
time for forecaster editing. Thus, these forecasts, too, contain 
no information about uncertainty other than PoP. 

Another example of an NWS product that does not convey 
uncertainty is the quantitative precipitation forecast (QPF) 
forecast issued by the HPC (Figure 4A.13). This product is 
accompanied by a forecast discussion that often discusses 
forecast uncertainty. This uncertainty information is not 
integrated into the QPF product, however, and thus is likely 
not seen by many users. Many other products issued publicly 
by NWS and others in the Enterprise are similar, with limited 
communication of uncertainty information in ways acces-
sible to those outside the hydrometeorological community.
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4A-7
fixed im.

4A-8

fixed im.

FIGURE 4A.7 Wind and temperature forecast for days 1-10, including forecast uncertainty. For box-and-whisker plots, the top and bottom 
of the box represent the 75th and 25th percentile, respectively, while the top and bottom of the lines represent the maximum and minimum. 
SOURCE: UK Meteorological Office.

FIGURE 4A.8 Conditional probability of precipitation forecast type product, from Maintenance Decision Support System. SOURCE: 
Federal Highway Administration/NCAR.
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4A-9

fixed

4A-10
fixed image

FIGURE 4A.9 PDF for the temperature forecast for a specific time and location, summarized into a table of categorical exceedances on 
right-hand side. SOURCE: UK Meteorological Office.

FIGURE 4A.10 Experimental probability of snowfall amount product. SOURCE: Mount Holly, NJ (Philadelphia area) NWS forecast 
 office.
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4A-11
fixed i.

$A-12
fixed  im.

FIGURE 4A.11 Flood stage forecast for different locations along the Red River. SOURCE: AHPS, NWS Grand Forks office.

FIGURE 4A.12 Public weather forecast generated by IFPS from NDFD. SOURCE: Operational NWS product generated by forecast 
 offices.
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FIGURE 4A.13 Day 2 quantitative precipitation forecast. SOURCE: Operational NWS product, generated by HPC.

4A-13
fixed im.
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5

Overarching Recommendations

Moving toward effective estimation and communication 
of uncertainty information has broad and deep implications 
for the Enterprise and the community it serves. Because of 
the immense breadth and depth of this challenge, detailed 
solutions are beyond the reach of a single committee. Conse-
quently, this report provides general ideas for consideration 
by the National Oceanic and Atmospheric Administration’s 
(NOAA’s) National Weather Service (NWS) and the entire 
Enterprise. 

The committee presents nine overarching recommenda-
tions in this final chapter, all with equal priority. In addition, 
detailed recommendations appear in the preceding three 
chapters that add further specificity and breadth. All recom-
mendations should be considered in the context of NOAA’s 
Policy on Partnerships in the Provision of Environmental 
Information. In cases where a recommendation states that 
“NWS should . . .” it is the committee’s intention that the 
recommendation also applies to any relevant group or 
 activity within NOAA, such as the Office of Oceanic and 
Atmospheric Research (OAR).  

CONTEXT

All prediction is inherently uncertain and effective com-
munication of uncertainty information benefits users’ deci-
sions (e.g., AMS, 2002; NRC, 2003b). The chaotic character 
of the atmosphere, coupled with inevitable inadequacies in 
observations and computer models, results in forecasts that 
always contain uncertainties. These uncertainties gener-
ally increase with forecast lead time and vary with weather 
situation and location. Uncertainty is thus a fundamental 
characteristic of weather, seasonal climate, and hydrological 
prediction, and no forecast is complete without a description 
of its uncertainty.

Nonetheless, many products from the Enterprise do not 
include uncertainty information, or they include it ineffec-
tively. The deterministic forecasts that dominate the offer-
ings from the Enterprise are often truncated representations 

of much richer information. Moreover, the information 
in deterministic forecasts is sometimes confusing or mis-
leading, which can lead to poor decisions and undesirable 
consequences (NRC, 2003b). Decisions by users at all 
levels, perhaps most critically those associated directly with 
protection of life and property, are being made without the 
benefit of knowing the uncertainties of the forecasts upon 
which they rely. 

 Albert Einstein wrote, “[the right to search for truth] 
implies also a duty; one must not conceal any part of what 
one has recognized to be true.”1 Because the Enterprise has 
increasing capability to estimate forecast uncertainty and the 
ability to provide products that communicate this knowledge, 
it has the duty to do so in a way that is valuable to the users 
it serves.

NEXT STEPS

Enterprise-wide Involvement

Finding 1:2 Hydrometeorological services in the United 
States are an Enterprise effort. Therefore, effective incorpo-
ration of uncertainty information will require a fundamental 
and coordinated shift by all sectors of the Enterprise. Further-
more, it will take time and perseverance to successfully make 
this shift. As the nation’s public weather service, NWS has 
the responsibility to take a leading role in the transition to 
widespread, effective incorporation of uncertainty informa-
tion into hydrometeorological prediction. 

Recommendation 1: The entire Enterprise should take 
responsibility for providing products that effectively 
communicate forecast uncertainty information. NWS 
should take a leadership role in this effort.

1Letter, March 14, 1954.
2See Section 1.5 for further discussion on this topic.
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Product Development Incorporating  
Broad Expertise and Knowledge from the Outset

Finding 2:3 Understanding user needs and effectively com-
municating the value of uncertainty information for address-
ing those needs are perhaps the largest and most important 
tasks for the Enterprise. Yet, forecast information is often 
provided without full understanding of user needs or how to 
develop products that best support user decisions. 

Parts of the Enterprise (e.g., within the private sector and 
academia) have developed a sophisticated understanding of 
user needs. In addition, there is a wealth of relevant knowl-
edge in the social and behavioral sciences that could be more 
effectively incorporated into product research and develop-
ment. Currently, this variety of resources is not being fully 
tapped by NOAA,4 and user perspectives are not incorpo-
rated from the outset of the product development process.

Recommendation 2: NOAA should improve its product 
development process by collaborating with users and 
partners in the Enterprise from the outset and engaging 
and using social and behavioral science expertise. 

Education on Uncertainty and Risk Communication

Finding 3:5 Enhanced Enterprise-wide educational initia-
tives will underpin efforts to improve communication and 
use of uncertainty information. There are three critical 
areas of focus: (1) undergraduate and graduate education; 
(2) recurrent forecaster training, and (3) user outreach and 
education. 

Recommendation 3: All sectors and professional organi-
zations of the Enterprise should cooperate in educational 
initiatives that will improve communication and use of 
uncertainty information. In particular, (1) hydrometeo-
rological curricula should include understanding and 
communication of risk and uncertainty, (2) ongoing 
training of forecasters should expose them to the latest 
tools in these areas, and (3) forecast providers should help 
users, especially members of the public, understand the 
value of uncertainty information and work with users to 
help them effectively incorporate this information into 
their decisions.

3See Sections 2.4, 4.2.6, 4.2.7.
4Recognizing that private-sector entities gain a competitive advantage 

through knowledge of user needs, there is, nonetheless, some opportunity 
for information sharing that could significantly improve the effectiveness 
and efficiency of product development. 

5See Section 4.2.8.

Ensembles

Finding 4:6 The ability of NOAA to distribute and commu-
nicate uncertainty information is predicated on the capacity 
to produce post-processed probabilistic model guidance 
on a variety of spatial scales. Currently, NOAA maintains 
long-range (global) and short-range ensemble prediction 
systems. However, the short-range system undergoes no 
post-processing and uses an ensemble generation method 
(breeding) that may not be appropriate for short-range pre-
diction. In addition, the short-range model has insufficient 
resolution to generate useful uncertainty information at the 
regional level. For forecasts at all scales, comprehensive 
post-processing is needed to produce reliable (or calibrated) 
uncertainty information.

Recommendation 4: NOAA should develop and maintain 
the ability to produce objective uncertainty information 
from the global to the regional scale.

Ensuring Widespread Availability of  
Uncertainty Information

Finding 5:7 NWS, through the National Centers for Envi-
ronmental Prediction (NCEP), produces a large amount of 
model output from its deterministic and ensemble numerical 
weather prediction models. The ensemble forecasts and 
output from statistical post-processing (i.e., Model Output 
Statistics) already produce a wide variety of uncertainty 
information. However, both the model output and statistical 
information regarding its skill are difficult to access from 
 outside NCEP. Thus, NWS is missing an opportunity to pro-
vide the underlying datasets that can drive improved uncer-
tainty estimation and communication across the Enterprise. 

Recommendation 5: To ensure widespread use of uncer-
tainty information, NWS should make all raw and 
post-processed probabilistic products easily accessible 
to the Enterprise at full spatial and temporal resolu-
tion. Sufficient computer and communications resources 
should be acquired to ensure effective access by external 
users and NWS personnel.

Broad Access to Comprehensive Verification Information

Finding 6:8 To make effective use of uncertainty products, 
users need complete forecast verification information that 
measures all aspects of forecast performance. In addition, 
comprehensive verification information is needed to improve 
forecasting systems. Such information includes previous 
numerical forecasts, observations, post-processed uncer-

6See Chapter 3. Production of objective uncertainty information is 
 covered in Sections 3.1 through 3.3. 

7See Sections 3.1.4, 3.1.5, 3.3.1.
8See Section 3.5.

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


100 COMPLETING THE FORECAST

tainty information, and detailed verification statistics (for 
raw and post-processed probabilistic forecasts). 

Verification measures and statistics need to evaluate all 
aspects of forecast performance that are relevant for use 
or improvement of the forecasts. Single scalar measures of 
forecast performance—commonly presented on NWS Web 
sites—are not adequate to meet these requirements. In many 
cases, the verification statistics that are provided by NWS 
are difficult to obtain, overly aggregated, or inappropriate 
for probabilistic forecasts. Thus, only a small fraction of 
the information needed by users and model developers is 
available to them. 

Recommendation 6: NWS should expand verification of 
its uncertainty products and make this information easily 
available to all users in near real time. A variety of veri-
fication measures and approaches (measuring multiple 
aspects of forecast quality that are relevant for users) 
should be used to appropriately represent the complexity 
and dimensionality of the verification problem. Verifica-
tion statistics should be computed for meaningful subsets 
of the forecasts (e.g., by season, region) and should be 
presented in formats that are understandable by forecast 
users. Archival verification information on probabilistic 
forecasts, including model-generated and objectively 
generated forecasts and verifying observations, should 
be accessible so users can produce their own evaluation 
of the forecasts. 

Effective Use of Testbeds

Finding 7:9 Testbeds are emerging as a useful mechanism for 
developing and testing new approaches and methodologies in 
estimating and communicating uncertainty.10 The effective-
ness of testbeds is limited when all appropriate sectors of the 
Enterprise are not included. 

Testbeds are multipartner collaborations that create 
 prototypical environments where innovative approaches can 
be tested before being applied more generally. They allow the 
community to evaluate new modes of cooperative research, 
development, training, and operations. Testbeds allow (1) the 
operational community to benefit from strengthened connec-
tions to academia (including decision and social sciences) 
and the private sector; (2) academia to benefit from explor-
ing new research areas at the interfaces of physical, social, 
and decision sciences, and from hands-on student training; 

9See Sections 3.1.1, 3.1.6, 3.2.4, 3.3.2.
10See, for example, Joint Hurricane Testbed (http://www.nhc.noaa.gov/

jht/), Weather Research and Forecasting (WRF) Developmental Testbed 
Center (http://www.dtcenter.org/index.php), NOAA Climate Testbed (http://
www.cpc.ncep.noaa.gov/products/ctb/), NOAA Hydrometeorology Testbed 
Program (http://hmt.noaa.gov/).

and (3) the private sector to provide input on science and 
technology development and ensure that new approaches are 
responsive to private-sector requirements. In moving toward 
improved characterization and communication of forecast 
uncertainty information, testbeds can, for example, play a 
critical role in developing the technology of probabilistic pre-
diction, evaluating ways to communicate such information 
and garnering active input and interactions with user com-
munities. Although NOAA has successfully participated in 
testbeds in areas such as hurricane prediction and hydrology, 
no testbed activity currently exists in the critical area of 
probabilistic prediction using ensemble techniques.

Recommendation 7: To enhance development of new 
methods in estimation, communication, and use of fore-
cast uncertainty information throughout the Enterprise, 
and to foster and maintain collaboration, confidence, 
and goodwill with Enterprise partners, NOAA should 
more effectively use testbeds by involving all sectors of 
the Enterprise.

Enterprise Advisory Committee

Finding 8:11 Only through comprehensive interaction with 
the Enterprise will NWS be able to move toward effective 
and widespread estimation and communication of uncer-
tainty information. One mechanism for engaging the entire 
Enterprise on this and other Enterprise-related topics is an 
independent NWS advisory committee with broad represen-
tation. Such a committee is under consideration by NOAA 
in response to a recommendation in the Fair Weather report 
(NRC, 2003a). 

In 2003, the National Research Council recommended 
that “NWS should establish an independent advisory com-
mittee to provide ongoing advice to it on weather and climate 
matters. The committee should be composed of users of 
weather and climate data and representatives of the public, 
private and academic sectors, and it should consider issues 
relevant to each sector as well as to the set of players as a 
group, such as (but not limited to)

improving communication among the sectors,
creating or discontinuing products,
enhancing scientific and technical capabilities that 

support the NWS mission,
improving data quality and timeliness, and
disseminating data and information.”

Recommendation 8: The committee endorses the rec-
ommendation by the Fair Weather report to establish an 
independent advisory committee and encourages NOAA 

11See Section 4.2.6 and overarching recommendation 2.

Copyright © National Academy of Sciences. All rights reserved.

Completing the Forecast:  Characterizing and Communicating Uncertainty for Better Decisions Using Weather and Climate Forecasts
http://www.nap.edu/catalog/11699.html

http://www.nap.edu/catalog/11699.html


OVERARCHING RECOMMENDATIONS 101

to bring its evaluation of the recommendation to a speedy 
and positive conclusion. 

Uncertainty Champion

Finding 9:12 Incorporating uncertainty in forecasts will 
require not only the attention, but also the advocacy of NWS 
management. Given the scope of this challenge, the level of 
effort involved will demand a “champion” within the NWS 
leadership—an individual who can effectively organize 

12See Section 1.5.

and motivate NWS resources and engage the resources and 
expertise of the entire Enterprise. 

There is recent precedent for such an approach at NWS, 
admittedly at a more technical level: the NWS WRF model 
coordinator is to implement the WRF program. 

Recommendation 9: NWS should dedicate executive 
attention to coordinating the estimation and communi-
cation of uncertainty information within NWS and with 
Enterprise partners. 
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Appendix A

Acronyms and Initialisms

3d-Var three-dimensional variational assimilation 
4d-Var four-dimensional variational assimilation

ACE Advanced Composition Explorer 
AFD Area Forecast Discussion 
AHPS Advanced Hydrologic Prediction Service 
AMS American Meteorological Society
ASC ACE Science Center 
AWC Aviation Weather Center

BMA Bayesian model averaging 
BSE bovine spongiform encephalitis 

CAS Constructed Analog on Soil moisture 
CCA canonical correlation analysis 
CCFP Collaborative Convective Forecast Product 
CCMC Community Coordinated Modeling Center 
CDC Climate Diagnostic Center 
CFS Climate Forecast System
CISM Center for Integrated Space Weather 

Modeling
CMC Canadian Meteorological Centre
CNRFC California Nevada River Forecast Center 
COLA Center for Ocean-Land-Atmosphere Studies 
CONUS  Continental United States
CPC Climate Prediction Center 
CRPS Continuous Ranked Probability Score 
CTB Climate Test Bed 

DA data assimilation 
DART Data Assimilation Research Testbed 
DTaP  diphtheria, tetanus, and pertussis 
DTC Developmental Testbed Center

EC Equal Chances
ECMWF European Centre for Medium-Range 

Weather Forecasts 
EMC Environmental Modeling Center

EMWIN Emergency Managers Weather Information 
Network

EnKF ensemble Kalman filters
EnKS ensemble Kalman smoothers 
ENSO El Niño/Southern Oscillation
EPA U.S. Environmental Protection Agency
ESP ensemble streamflow prediction 
ESRL Earth System Research Laboratory

FNMOC Fleet Numerical Meteorology and 
Oceanography Center

FOS Family of Services

GFDL Geophysical Fluid Dynamics Laboratory 
GMB EMC Global Climate and Weather 

Modeling Branch 
GODAS Global Ocean Data Assimilation System 
GSI Gridpoint Statistical Interpolation 

HPC Hydrometeorological Prediction Center 
HSS Heidke skill score 

IFPS Interactive Forecast Preparation System
IPCC Intergovernmental Panel on Climate Change
IRI International Research Institute 
IWIN Interactive Weather Information Network 

LAF Lagged Average Forecast 

MDL Meteorological Development Laboratory 
MMB EMC Mesoscale Modeling Branch 
MOS Model Output Statistics 
MST Minimum Spanning Tree 

NAEFS North American Ensemble Forecasting 
System

NCAR National Center for Atmospheric Research 
NCDC National Climatic Data Center 
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NCEP National Centers for Environmental 
Prediction 

NDFD National Digital Forecast Database
NDGD National Digital Guidance Database 
NGDC National Geophysical Data Center 
NHC National Hurricane Center
NOAA National Oceanic and Atmospheric 

Administration 
NOMADS National Operational Model Archive and 

Distribution System
NSSL National Severe Storms Lab 
NWP numerical weather prediction
NWS National Weather Service
NWR NOAA Weather Radio
NWWS NOAA Weather Wire Service

OAR Oceanic and Atmospheric Research 
OCN Optimal Climate Normals 
OHD Office of Hydrologic Development 

PDA personal digital assistant 
PDD Product/Service Description Document
PDF probability density function 
PoP Probability of Precipitation 

QPF  quantitative precipitation forecast

RAL NCAR Research Applications Laboratory 
RFC River Forecast Center 
RFC Regional Forecast Center 
RFP Request for Proposals 
RISA Regional Integrated Sciences and 

Assessment 
ROC Relative Operating Characteristic

RPC Rapid Prototyping Center 
RPS Ranked Probability Score 
RSM Regional Spectral Model

SAB Science Advisory Board 
SEC Space Environment Center 
SLP sea level pressure
SMLR Screening Multiple Linear Regression
SPC Storm Prediction Center 
SREF short-range ensemble forecast
SSI NCEP Spectral Statistical Interpolation 
SST sea surface temperature

TAF Terminal Aerodrome Forecast 
TAR IPCC Third Assessment Report
THORPEX The Observing System Research and 

Predictability Experiment 
TIGGE THORPEX Interactive Grand Global 

Ensemble 
TPC Tropical Prediction Center 

USACE U.S. Army Corps of Engineers
USDA U.S. Department of Agriculture
USGS U.S. Geological Survey

WFO Weather Forecast Office
WGNE Working Group on Numerical 

Experimentation 
WMO World Meteorological Organization
WRF-AR  Weather Research and Forecasting 

Advanced Research
WRF-NMM Weather Research and Forecasting 

Nonhydrostatic Mesoscale Model
WWRP World Weather Research Programme 
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J. Michael Fritsch, Pennsylvania State University
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Raymond J. Ban (Chair) is Executive Vice President of 
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of Approval from the Society. Previously Ray was the Com-
missioner on Professional Affairs for the AMS for 6 years 
and is now serving on the Steering Committee of the AMS 
Commission on The Weather and Climate Enterprise. He 
was named a Centennial Fellow of Penn State’s College of 
Earth and Mineral Sciences, an Alumni Fellow of Penn State 
University, has served on the Board of Atmospheric Science 
and Climate of the National Academy of Sciences and has 
also served as President of the Alumni Board of the College 
of Earth and Mineral Sciences at Penn State. Additionally, 
Mr. Ban is currently a member of the advisory board to 
NCAR and the NCAR Societal Impacts Program and serves 
on the Board of Visitors of The College of Geosciences at 
the University of Oklahoma. Mr. Ban is Co-Chair of The 
Weather Coalition and sits on the Board of Directors of the 
National Environmental Education and Training Founda-
tion. He is a past member of the Cooperative Program for 
Operational Meteorology, Education and Training (COMET) 
Advisory Panel and the research and Technical Committee 
of the Southeast Region Climate Center. 

John T. Andrew is Chief of Special Planning Projects for the 
California Department of Water Resources (DWR), where 
his current projects focus primarily on various aspects of 
California’s hydrology. Prior to his current position with 
DWR, Mr. Andrew was the water quality manager and 
Southern California regional coordinator for the California 

Bay-Delta Authority, and before that he served as Chief of 
Fish Facilities for DWR’s Environmental Services Office. 
He has also worked for the California Department of Health 
Services, the U.S. Environmental Protection Agency, and 
Lawrence Berkeley National Laboratory. Mr. Andrew holds 
a bachelor’s degree in civil engineering and a master’s degree 
in public policy, both from the University of California at 
Berkeley.

Barbara G. Brown is project scientist in the Research Appli-
cations Laboratory of the National Center for Atmospheric 
Research. Her research interests include weather and climate 
applications of statistics, including forecast verification and 
development of new verification approaches; probability 
forecasts and forecast uncertainty; measuring user needs and 
forecast value; forecast communication; statistical forecast-
ing methods; and weather and climate extremes. She is chair 
of the World Meteorological Organization’s Joint Working 
Group on Verification and Associate Editor of Weather and 
Forecasting. Ms. Brown has a bachelor’s degree in statistics 
from Colorado State University and master’s degrees in 
environmental sciences and statistics from the University of 
Virginia and Oregon State University, respectively.

David Changnon is an associate professor in the Meteorology 
Program of the Department of Geography, Northern Illinois 
University. Dr. Changnon’s research activities involve 
applied climatology, hydroclimatic variability, and synoptic 
climatology. He examines climate variability and extremes 
and their impacts in the United States, assesses the use of 
climate information by weather-sensitive decision makers, 
and develops climate-related decision-support tools for users 
in climate-sensitive areas such as utilities, agribusiness, 
 recreation, transportation, and water resources. Dr. Changnon 
has a bachelor’s degree in engineering from the University 
of Illinois and master’s and doctoral degrees in atmospheric 
sciences from Colorado State University. 
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Konstantine Georgakakos is the Managing Director of the 
Hydrologic Research Center in San Diego, California. He 
is also an Adjunct Professor with the Scripps Institution of 
Oceanography of the University of California, San Diego, 
and with the Department of Civil and Environmental Engi-
neering of the University of Iowa, Iowa City. His research 
activities have included interfacing ensemble and probabilis-
tic forecasting with decision models for multiobjective reser-
voir management and agriculture in Northern California. He 
has also developed measures of utility of uncertain surface 
meteorological forecasts for hydrologic and water resources 
applications by propagating uncertainty in coupled systems 
and in downscaling, and producing probabilistic diagnostic 
indices for utilizing climate and weather ensemble model 
forecasts. He has led the development of operational fore-
cast and management systems in Northern California, at the 
Panama Canal, over the Nile River basin, in Korea, and in 
Central America as part of the technology transfer programs 
of the Hydrologic Research Center. Dr. Georgakakos holds 
a degree in civil engineering from the National Technical 
University of Athens, and master’s and doctoral degrees 
in civil engineering from the Massachusetts Institute of 
Technology.

James Hansen is an assistant professor in the Depart-
ment of Earth, Atmospheric, and Planetary Sciences at the 
 Massachusetts Institute of Technology. His research interests 
include nonlinear dynamics, prediction, predictability, data 
assimilation, targeted observations, probabilistic forecasting, 
ensemble assessment, and the impact of model inadequa-
cies. He is a member of the American Geophysical Union, 
European Geophysical Society, and Royal Meteorological 
Society. Dr. Hansen holds bachelor’s and master’s degrees 
in aerospace engineering from the University of Colorado 
and a doctoral degree in atmospheric physics from Oxford 
University.

Ronald N. Keener, Jr., is Meteorology Manager at Duke 
Energy in Charlotte, North Carolina. He provides weather 
forecast and climate support services in support of generation 
load forecasting, energy trading and marketing, hydroelectric 
operation and planning, emergency response organizations, 
and project planning and development. Previously he was an 
Engineering Specialist at the U.S. Environmental Protection 
Agency, where he participated in fluid modeling studies that 
supported boundary-layer model development for air quality 
modeling. He is a member of the American Meteorological 
Society (AMS), the Nuclear Meteorology Users Group, and 
the Planetary Society. He is also a member of the Board of 
Certified Consulting Meteorologists and the U.S. Weather 
Research Program. He additionally served as Program Chair 
for the 2001 AMS Annual Meeting and Symposium Chair for 
the 2000 AMS Meeting on Environmental Applications, and 
is a past member of the AMS Private Sector Board.
 

Upmanu Lall is Professor and Chair of Earth and Environ-
mental Engineering at Columbia University. His principal 
areas of expertise are statistical and numerical modeling of 
hydrologic and climatic systems and water resource systems 
planning and management. He has over 25 years of experi-
ence as a hydrologist. He has been the principal investigator 
on a number of research projects funded by the U.S. Geo-
logical Survey, the National Science Foundation (NSF), 
the U.S. Air Force, the National Oceanic and Atmospheric 
Administration (NOAA), U.S. Bureau of Reclamation, 
Department of Energy, and Utah and Florida state agencies. 
These projects have covered water quantity and quality and 
energy resource management, flood analysis, groundwater 
modeling and subsurface characterization, climate model-
ing and the development of statistical and mathematical 
modeling methods. He has been involved as a consultant 
with specialization in groundwater flow and contaminant 
transport modeling covering mining operations, streamflow 
modeling and water balance, risk and environmental impact 
assessment, site hydrologic evaluation and as a reviewer and 
as an expert on a number of other hydrologic problems. He 
has also taught over 20 distinct university courses.

Clifford F. Mass is a professor in the Department of 
Atmospheric Sciences at the University of Washington. He 
received his B.S. in 1974 in physics at Cornell and his Ph.D. 
in atmospheric sciences at the University of Washington 
in 1978. He has been a faculty member at the University 
of Washington since 1981. His research interests include 
synoptic and mesoscale forecasting techniques, regional 
weather phenomena, and mesoscale modeling using the 
Penn State-NCAR MM5 modeling system. He works with 
ensemble prediction, including maintaining a real-time 
mesoscale ensemble system and involvement with the Multi-
 disciplinary University Research Initiative on predictability, 
and has collaborated for many years with the National 
Weather Service (NWS) on regional forecasting problems. 
He currently leads a research group that has studied a wide 
variety of topics, including heavy precipitation and flooding, 
wind and snow storms, numerical forecasting strategies, 
as well as weather phenomena unique to western North 
America. Dr. Mass also leads the real-time MM5 forecasting 
effort at the University of Washington.

Rebecca E. Morss is a scientist at the National Center for 
Atmospheric Research (NCAR) in Boulder, Colorado, with 
a joint appointment in the Mesoscale and Microscale Meteo-
rology Division and the Institute for the Study of Society and 
Environment. Her research interests include atmospheric sci-
ence, socioeconomic, and public policy aspects of observing 
network design for weather and El Niño prediction; atmo-
spheric predictability; and improving weather information 
to meet diverse societal needs. Dr. Morss is also involved 
in building a collaborative program based at NCAR to 
understand the use and value of weather forecasts and con-
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nect weather forecasts with user needs, and in developing 
the Societal and Economic Applications component of the 
international THORPEX program (under the auspices of the 
World Meteorological Organization). She received a B.A. 
from the University of Chicago and a Ph.D. in atmospheric 
science from the Massachusetts Institute of Technology.

Robert T. Ryan has been chief meteorologist at NBC4 in 
Washington, D.C., since 1980. Before joining NBC4 he 
was a research meteorologist with Arthur D. Little Inc.
in Cambridge and worked as a broadcast meteorologist in 
Providence, Boston, and on the Today show. He has served 
as the American Meteorological Society (AMS) Chair of 
the Committee of Broadcast Meteorology, Commissioner of 
Professional Affairs, Member of the Council of the Society, 
and in 1996 was elected President of the AMS. Additionally, 
Mr. Ryan has been called to testify before various commit-
tees of Congress and recently served on the National Acade-
mies’ Board on Atmospheric Sciences and Climate and on its 
Committee on Partnerships in Weather and Climate Services 
and the NSF Advisory Committee for Geosciences. He has 
also served as executive editor of Weatherwise magazine for 
many years. Mr. Ryan holds a bachelor’s degree in physics 
and a master’s degree in atmospheric sciences from the State 
University of New York at Albany.

Elke U. Weber is the Jerome A. Chazen Professor of Inter-
national Business in the Management Division of Columbia 
Business School and Professor of Psychology at Columbia 
University. Dr. Weber’s M.A. and Ph.D. in Behavior and 
Decision Analysis are from Harvard University. Over the 
past 20 years, she has held academic positions in the United 
States (University of Chicago, University of Illinois, Ohio 
State University) and Europe (Otto Beisheim Graduate 
School of Corporate Management). Dr. Weber spent a year 
(1992/1993) at the Center for Advanced Studies in the 
Behavioral Sciences at Stanford and half a year (2002) at the 
Wissenschaftskolleg (Center for Advanced Study) in Berlin. 
She is an expert on behavioral models of judgment and deci-
sion making under risk and uncertainty. Recently Dr. Weber 
has been investigating psychologically appropriate ways to 
measure and model individual and cultural differences in risk 
taking, specifically in risky financial situations and environ-
mental decision making and policy. She is past president of 
the Society for Mathematical Psychology and the Society for 
Judgment and Decision Making and served on two commit-
tees of the National Academies. Dr. Weber has edited two 
major decision journals and currently serves or has served 
on the editorial boards of eight other psychology and policy 
journals. At Columbia, she founded and codirects the Center 

for the Decision Sciences, which fosters and facilitates cross-
disciplinary research and graduate training in the basic and 
applied decision sciences, and recently founded the Center 
for Research on Environmental Decisions, which investigates 
ways of facilitating human adaptation to climate change and 
climate variability and is financed by the National Science 
Foundation.

NRC Staff 

Paul Cutler (Study Director) is a senior program officer 
for the Polar Research Board of the National Academies. 
He directs studies in the areas of polar science and atmo-
spheric science. Before joining the Polar Research Board 
staff, Dr. Cutler was a senior program officer in the Acad-
emies’ Board on Earth Sciences and Resources, where he 
directed the Mapping Science Committee and studies in 
Earth science and geographic information science. Before 
joining the Academies, he was an assistant scientist and 
lecturer in the Department of Geology and Geophysics at 
the University of Wisconsin, Madison. His research is in 
glaciology, hydrology, meteorology, and quaternary science, 
and he has conducted fieldwork in Alaska, Antarctica, arctic 
 Sweden, the Swiss Alps, Pakistan’s Karakoram mountains, 
the midwestern United States, and the Canadian Rockies. 
Dr. Cutler received an M.Sc. in geography from the Univer-
sity of Toronto and a Ph.D. in geology from the University 
of Minnesota. 

Leah Probst is a research associate with the NRC’s Board 
on Atmospheric Sciences and Climate. She works on a wide 
variety of studies, including issues such as air quality, cli-
mate, ecology, and wildlife management. A former resident 
of Alaska, Ms. Probst has returned to Alaska many times 
through her work at the NRC, visiting numerous regions of 
the state and learning about environmental issues unique to 
Alaska. She earned her bachelor’s degree in biology from the 
George Washington University in Washington, D.C. 

Rob Greenway has been a program assistant at the National 
Academies since 1998. He has worked on NRC studies that 
produced the reports Assessment of the Benefits of Extend-
ing the Tropical Rainfall Measuring Mission: A Perspective 
from the Research and Operations Communities, Review of 
NOAA’s Plan for the Scientific Stewardship Program, and 
Where the Weather Meets the Road: A Research Agenda 
for Improving Road Weather Services, among others. He 
received his A.B. in English and his M.Ed. in English educa-
tion from the University of Georgia.
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